Ultrahigh and microwave frequency nanomechanical systems by Huang, Xue Ming Henry
ULTRAHIGH  AND  MICROWAVE  FREQUENCY  
NANOMECHANICAL  SYSTEMS 
 
Thesis by 
Xue Ming Henry Huang 
 
In Partial Fulfillment of the Requirements  
for the Degree of 
Doctor of Philosophy 
 
 
 
 
CALIFORNIA INSTITUTE OF TECHNOLOGY 
Pasadena, California 
2004 
(Defended  December 4, 2003)
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 2004 
Xue Ming Henry Huang 
All Rights Reserved 
  iii
ACKNOWLEDGEMENTS 
 
First of all, I’d like to thank my advisor, Prof. Michael Roukes, who has always been 
a strong support through all these years of my graduate career, and beyond.  
During my stay at Condensed Matter Physics at Caltech, I have been privileged to 
work with, and learn from, other members of the group. Special thanks goes to Kamil 
Ekinci, Darrell Harrington and Peter Burke, who have guided me into territories that used to 
be new to myself. I have collaborated on various projects with Jack Yang, Hong Tang, Ali 
Husain, Jim Hone, Henk Postma, Tylor Drake, Mladen Barbic, Keith Schwab, Deborah 
Santamore, Meher Prakash, Philip Feng, Inna Kozinsky, Steve Stryker, Nils Asplund, and 
many others, whose help has been invaluable for making my graduate research productive. 
I’d also like to thank our external collaborators, Prof. Chris Zorman and Prof. 
Mehran Mehregany at Case Western Reserve University and Dr. Bernie Yurke at Bell-Labs, 
whose contributions have been crucial in making this work possible. 
I’m greatly indebted to Prof. Mike Cross, Prof. Hideo Mabuchi and Prof. Rob 
Phillips for their serving on my defense committee, and Prof. Kip Thorne for providing 
guidance on QND measurements.  
Administrative assistance from Exie Marie Leagons has also been extremely 
important for my achievements.   
My graduate research has been funded by generous research grants from DARPA 
MTO and NSF. 
Last but not least, my family members have always been with me through the ups 
and downs. My progress would never have been possible without their dedication.    
 
  iv
 
 
 
 
 
 
 
Dedicated to 
My Beloved Wife and Son 
  v
ABSTRACT 
 
Nanodevices that operate with fundamental frequencies in the previously 
inaccessible microwave range (greater than 1 gigahertz) have been constructed. Two 
advances have been crucial to breaking the 1-GHz barrier in nanoelectromechanical systems 
(NEMS): the use of 3C- silicon carbide epilayers, and the development of balanced, high 
frequency displacement transducers. This achievement represents a significant advance in the 
quest for extremely high frequency nanoelectromechanical systems.  
However, silicon carbide nanomechanical resonators with fundamental frequencies 
in the ultrahigh frequency and microwave range have exhibited deteriorating quality factors 
compared to devices at lower frequencies, which could significantly restrict the application 
of this developing technology. Our experiments have established a strong correlation 
between silicon carbide surface roughness and deteriorating quality factor. Also, dissipation 
in such devices increases as the aspect ratio of the doubly clamped beams is reduced. Based 
on such observations, we have then demonstrated that the SiC free-free beam 
nanomechanical resonators offer significant improvement in quality factor compared to 
doubly clamped beam design operating at similar frequencies.  
Apart from 3C-SiC epilayers on silicon, polished 6H-SiC bulk material based NEMS  
are also made possible by our invention. A tilted Electron Cyclotron Resonance (ECR) 
etching technique has been developed to fabricate suspended nanomechanical structures 
from bulk 6H-SiC wafers. A suspended nanoscale, doubly clamped beam resonator has been 
made as an initial demonstration of this new fabrication method. Fundamental flexural mode 
mechanical resonance is detected at 171.2 MHz, with a quality factor of about 3000. The 
ability to fabricate 3-D suspended nanostructures from 6H-SiC is an important breakthrough 
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in NEMS not only because it enables electronic integration, but also because it provides a 
unique platform for exploring the effects of crystal and surface quality on resonator 
performance at microwave frequencies.  
Magnetomotive transduction has been used extensively in the above achievements, 
where eddy current damping is usually negligible. However, it was realized that such 
damping phenomena may turn out to be crucial for doubly clamped beam nanotube 
mechanical resonators. This concept has been experimentally demonstrated. Silicon carbide 
material is used to create a dummy nanotube, and in turn being used to investigate the role of 
eddy current damping phenomena in the context of studying nanotube mechanical motion. 
Another nanotube-based novel device structure, using a nanotube carrying a single 
domain nanomagnet paddle, forming a torsional mechanical resonator, has been designed 
and analyzed. This device design appears capable of force sensing in zeptoNewton/Hz1/2 
range at room temperature.  
As we cool down GHz nanomechanical resonators to low temperatures, the devices 
approach their quantum regime of operation. A structure designed to enable observation of 
quantum jumps in nanomechanical devices is described. A prototype device demonstrating a 
frequency shift transduction scheme is fabricated and tested in the classical domain. The 
coupling mechanism involved is analogous to Kerr nonlinearity in quantum optics. This 
nanomechanical approach should allow quantum nondemolition (QND) measurements if 
the experimental technique is extended into the quantum regime. Based on quantum 
simulations and experimental analysis, we argue that single quanta sensitivity can be achieved 
in next-generation devices of this kind. 
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Chapter 0 
 
The Room at the Bottom 
 
 
 
 
0.1  Motivations: From Nano to Quantum in Mechanics 
The concept of Nanotechnology, namely, the ability to mass produce atomic-scale 
machines, was first publicly envisioned by Richard Feynman here in Pasadena, at 
a lecture more than 40 years ago. This famous talk1 entitled Plenty of room at the bottom, 
given by Dr. Feynman in the 1959 APS meeting, has inspired generations of scientists 
and engineers to study the tiny machines at the nanometer scale2. The research work that 
culminates into this thesis is one more small piece of advancement added to this long-
lasting pursuit and adventure. 
Part of the intrigue of nanoscience is its promise for new devices offering 
functionality attainable from neither their macro- nor micro- scale counterparts2. This is 
especially true with small mechanical systems  inventions from previous centuries, 
ranging from clocks to computing machines, have largely been abandoned now that 
microelectronics can provide replacements that are cheap and robust.  In fact, the 
electronic paradigm has become so firmly rooted in our collective psyche that it is now 
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difficult to fathom computation based upon anything other than the shuttling of minute 
packets of charge within microchip circuitry.  Yet the first computers envisaged by 
Babbage in the early 1800’s were indeed mechanical3. With the advent of ultrafast micro- 
and nanoelectromechanical systems (MEMS/NEMS), a complete re-evaluation of 
existing biases is now in order4. 
NEMS offers promise for a variety of novel applications.  Sensitive mechanical 
charge detectors have recently been demonstrated5, and mechanical devices for high 
frequency signal processing are engendering new, simplified configurations for 
communications systems6.  Prospects for biological imaging based upon single-spin 
magnetic resonance spectroscopy now appear feasible via mechanical detectors7. And 
entirely new approaches to quantum measurement should be realizable with high-
frequency nanomechanical systems cooled to low temperatures8-11. These are but a few of 
the potentialities of NEMS. 
 
0.2  History of the Project and Us 
 A major thrust of research efforts in our group has been to develop nanoscale 
mechanical resonators for potential applications in highly integrated communications 
equipment. This has been supported by major DARPA grants for many years. 
 Since our resonator devices are extremely small, they are quite susceptible to 
perturbations from the environment. This has been something that needs to be overcome 
for making useful oscillators and transceivers. However, the same characteristics have 
made such devices great sensors for the events happening in its surroundings.   
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 When I first came to this group, I started with one of these ultrasensitive sensor 
application projects, with Dr. Kamil Ekinci. The aim was to measure miniscule amount of 
mass added to the nanomechanical resonator surface, by watching the frequency shift of 
the device. Kamil designed and built a UHV cryostat for such purpose. I assisted in 
making the samples for the initial experiments. Later, after Kamil moved on to his 
professorship at Boston University, Jack Yang and Dr. Carlo Callegari made further 
efforts to optimize this measurement system, and have recently demonstrated mass 
sensitivity on the order of 10 zg. 
 A core effort of the DARPA-funded research program is to boost up the 
resonance frequency of our resonators, necessitated by the target applications in 
communications. The demonstration of the first microwave frequency nanomechanical 
resonators has been the most important engineering achievement during my graduate 
research. This success has relied on the use of silicon carbide material, and the 
development of a novel detection technique. The silicon carbide material (both 3C-SiC 
epi-layer on silicon and the 6H-SiC bulk substrate) was provided by our collaborators, 
Prof. Chris Zorman and Prof. Mehran Mehregany at Case Western Reserve University. 
This collaboration has turned out to be quite a success. We not only crossed the GHz 
barrier, but also got a simple and high yield process, which can provide test devices for 
various other experiments in the lab, such as those devices used for zeptogram mass 
sensing. Along the way, significant effort was spent in studying the properties of silicon 
carbide based resonators, from which we have obtained a lot of insights about dissipation 
mechanisms in nanomechanical devices.    
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 Apart from its engineering importance, the GHz resonator also carries significant 
scientific interest as a test object to study quantum mechanics on mechanical entities. 
When such GHz resonator is cooled down to 50 mK, the thermomechanical noise floor 
matches the predicted Fock state level spacing under simple harmonic oscillator 
approximation. Namely, microwave nanoscale resonators may give us unique 
opportunities to access the quantum regime of device operation in nanomechanics.  
For the purpose of doing quantum measurement in mechanics, Dr. Bernie Yurke 
has proposed, about ten years ago, a special mechanical structure that is compatible with 
performing quantum nondemolition (QND) measurement in mechanics. Due to technical 
difficulties, the scheme has been purely a theoretical toy until now. Utilizing the new 
developments in experimental capabilities, we have been able to build some prototype 
devices to study the proposed transduction scheme experimentally. All experiments 
performed on these prototype devices are in the classical regime. However, important 
insights can be achieved as a preparation for future experiments in the quantum regime. 
For achieving microwave frequency while maintaining device responsivity, 
nanoscale feature size is a crucial parameter. Apart from what we can do with e-beam 
writing, self-assembled nanotubes and nanowires are clear alternatives for achieving 
ultra-nano sizes, such as the diameter of a single walled nanotube (SWNT), which is not 
really achievable by state-of-the-art e-beam lithography. The excellent properties of 
nanotube and nanowires have been attracting a lot of attention in the nanoscience 
community.  
I have been involved in the nanotube/nanowire collaboration led by Dr. Jim Hone, 
who has now moved to Mechanical Engineering at Columbia University. The workgroup 
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did successfully measure a Pt-nanowire based VHF resonator. But in general, the device 
yield is very low. Successful operation of a single-walled nanotube (SWNT) mechanical 
resonator is still a project in progress. Also, we have found that eddy current damping 
would degrade quality of the resonance if we were to use magnetomotive detection 
scheme (which has been used so successfully for our top-down NEMS devices) without 
special precautions. 
At the ASME meeting (June 2003) in Scottsdale, AZ, a talk by John Cummings 
about their work on multi-walled nanotube (MWNT) based actuators has led me to 
another possible direction based on nanotube devices. The idea is that the torsional spring 
constant of nanotubes is very low, and this may allow ultrahigh force sensitivity, similar 
to those low spring constant cantilevers that Dan Rugar’s group used for sub-attonewton 
force sensing. Numerical analysis has shown that it’s possible to have a SWNT-based 
device that supports zN/ Hz  regime effective force sensitivity. Experimental attempts 
are also in progress, but not included in this thesis, since the experimental part has been 
quite incomplete so far, even though significant progress has been made. Rather, the 
design and analysis of such devices is written up. It’s clear that this should be a very 
promising direction to go for applications requiring ultrahigh force sensitivity, such as for 
magnetic resonance force microscopy (MRFM).    
When I entered this group at Caltech about four years ago, we had about fifteen 
people, now the size of the group has more than doubled, and is still growing. There is an 
even more dramatic increase in research grants over the four-year span. The boost in 
laboratory capabilities has been obviously seen. Such improved facilities empower us for 
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the next generation of achievements, putting us into a benign cycle for a brighter future, 
and for having more fun with these tiny machines. 
 
0.3  Our Approach and Achievements 
Nanoelectromechanical Systems (NEMS) devices can be made by both top-down 
methods through e-beam lithography, and bottom-up strategies starting from self-
assembled nanostructures, then connecting them to the outside world. As nanoscale size 
is reached, the prospects for the nanostructure to enter their quantum regime of operation 
are studied. 
Part I of the thesis, Top-down NEMS: Silicon Carbide, is mainly about the design, 
fabrication and testing of silicon carbide NEMS resonator devices. Chapter 1 describes 
the construction of nanodevices that operate with fundamental frequencies in the 
previously inaccessible microwave range (greater than 1 gigahertz). Two advances have 
been crucial to breaking the 1-GHz barrier in NEMS: the use of silicon carbide epilayers, 
and the development of balanced, high frequency displacement transducers. This 
achievement represents a significant advance in the quest for extremely high-frequency 
nanoelectromechanical systems. However, silicon carbide nanomechanical resonators 
with fundamental frequencies in the UHF/microwave range have exhibited deteriorating 
quality factors compared to devices at lower frequencies, which could significantly 
restrict the application of this developing technology. Chapter 2 summarizes our initial 
attempt to address this important problem, as well as our efforts to improve the 
measurement techniques at these frequencies. Our experiments have established a strong 
correlation between silicon carbide surface roughness and deteriorating quality factor. 
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Also, dissipation in such devices increases as the aspect ratio of the doubly clamped 
beams is reduced. Thus clamping loss may be important in this regime of device 
operation. Based on such observations, we have then demonstrated that the SiC free-free 
beam nanomechanical resonators offer significant improvement in quality factor 
compared to doubly clamped beam design operating at similar frequencies. Apart from 
3C-SiC epilayers on silicon, polished 6H-SiC bulk material based NEMS are also made 
possible by our invention. This work is presented in Chapter 3.  
Part II of the thesis, Bottom-Up NEMS: Nanotubes, is about our efforts towards 
studying nanotube mechanical motion. For doubly clamped beam geometry, if we use 
magnetomotive transduction scheme (which has been quite successful in studying top-
down NEMS resonators), it was noted that eddy current damping is usually negligible. 
However, it was realized that such damping phenomena may turn out to be crucial for 
nanotube doubly clamped beam resonators. The experimental demonstration of this 
concept is presented in Chapter 4. Silicon carbide material is used to create a dummy 
nanotube (experimentally simulating the key characteristics that nanotubes possess), and 
in turn being used to investigate the role of eddy current damping phenomena in the 
context of studying nanotube mechanical motion. In Chapter 5, the design and analysis of 
another novel bottom-up NEMS device structure is addressed, namely, a nanotube based 
torsional resonator. This device has a nanotube carrying a single domain nanomagnet 
paddle, to form a torsional resonator. It is found that such a device has the potential to 
attain force measurement sensitivity into the zN/ Hz  regime. This could be extremely 
useful for magnetic resonance force microscopy (MRFM) applications.  
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Part III of the thesis, Quantum Electro Mechanics, is about our pursuit for 
accessing the quantum regime in nanomechanics. Chapter 6 describes a nanomechanical 
device structure designed for quantum jump measurement in nanomechanics. A prototype 
device demonstrating a frequency shift transduction scheme is fabricated and tested in the 
classical domain.  Based on quantum simulations and experimental analysis, we argue 
that single quanta sensitivity can be achieved in next-generation devices of this kind. 
Appendix A describes a few additional projects that I was involved in, but as a 
secondary contributor. A.1 is our initial efforts to use silicon carbide material for NEMS. 
A.2 is about a novel detection scheme, utilizing balanced electronic detection, which has 
been proven very useful. The above two advances have been crucial for our achievement 
of microwave nanomechanical resonator described in the first part of the thesis.  A.3 
characterizes a nanomechanical resonator hosting a 2-D Electron Gas (2DEG). A.4 
reports the fabrication and transduction of a platinum nanowire NEMS resonator device, 
the first of its kind. A.5 represents an important application of our NEMS devices for the 
purpose of ultrasensitive nanoelectromechanical mass detection. 
 Appendix B is a reprint of Caltech Media Relations press release, after the 
publication of Chapter 1 of this thesis in Nature. 
 Appendix C gives a brief overview of the major equipment that has been used 
extensively for my thesis research. 
Finally, publications associated with this thesis are listed, including submitted 
papers and preprints about to be submitted. 
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0.4  Future Directions 
 It is still an open project to make and test mechanical resonators in the deep-nano 
regime with feature size of few nanometers. These can be fabricated by either top-down 
e-beam lithography with state-of-the-art facilities, or bottom-up schemes, such as nano-
imprinting12 and self-assembled synthesis13-15. At such size scale, we’ll be able to make 
microwave mechanical resonators with lower spring constants, thus achieving greater 
responsivity. Such characteristics would make a spectrum of applications more plausible. 
Important examples of related application fields include (but are not limited to) 
ultrasensitive mass detection, bioNEMS sensing, MRFM and spintronics4. 
At even higher frequency, even smaller size scale, mechanical resonators may 
penetrate the barrier between classical and quantum regimes4. Ultimate realization of this 
will require parallel development of carefully engineered technology and deeper 
scientific understanding.  
 It is absolutely amazing to see Feynman’s visionary predictions coming into 
reality piece by piece over the decades. In part, the efforts are for mental entertainment, 
as Feynman advocated in his lectures16. However, this emerging field is indeed finding 
practical applications. And these (potential) applications result in a flow of resources 
including manpower and research funding into what is now called nanotechnology.  
 
 11
References 
1. Feynman, R. P. Plenty of room at the bottom. 
http://www.its.caltech.edu/~feynman/plenty.html (1959). 
2. Roukes, M. L. Plenty of room indeed. Sci. Am. 285, 48-57 (2001). 
3. Swade, D. The Difference Engine: Charles Babbage and the Quest to Build the 
First Computer (Viking-Penguin, New York, 2001). 
4. Roukes, M. L. Nanoelectromechanical systems face the future. Phys. World 14, 
25-31 (2001). 
5. Cleland, A. N. & Roukes, M. L. A nanometre-scale mechanical electrometer. 
Nature 392, 160-162 (1998). 
6. Nguyen, C. T. C., Katehi, L. P. B. & Rebeiz, G. M. Micromachined devices for 
wireless communications. Proc. IEEE 86, 1756-1768 (1998). 
7. Sidles, J. A., Garbini, J. L., Bruland, K. J., Rugar, D., Zuger, O., Hoen, S. & 
Yannoni, C. S. Magnetic-resonance force microscopy. Rev. Mod. Phys. 67, 249-
265 (1995). 
8. Caves, C. M., Thorne, K. S., Drever, R. W. P., Sandberg, V. D. & Zimmermann, 
M. On the measurement of a weak classical force coupled to a quantum-
mechanical oscillator. 1. Issues of principle. Rev. Mod. Phys. 52, 341-392 (1980). 
9. Bocko, M. F. & Onofrio, R. On the measurement of a weak classical force 
coupled to a harmonic oscillator: Experimental progress. Rev. Mod. Phys. 68, 
755-799 (1996). 
10. Armour, A. D., Blencowe, M. P. & Schwab, K. C. Entanglement and decoherence 
of a micromechanical resonator via coupling to a Cooper-pair box. Phys. Rev. 
Lett. 88, 148301 (2002). 
11. Cho, A. Physics - Researchers race to put the quantum into mechanics. Science 
299, 36-37 (2003). 
12. Melosh, N. A. et al. Ultrahigh-density nanowire lattices and circuits. Science 300, 
112-115 (2003). 
13. Iijima, S., Ichihashi, T. & Ando, Y. Pentagons, Heptagons and negative curvature 
in graphite microtubule growth. Nature 356, 776-778 (1992). 
14. Amelinckx, S. et al. A formation mechanism for catalytically grown helix-shaped 
graphite nanotubes. Science 265, 635-639 (1994). 
 12
15. Saito, R., Dresselhaus, G. & Dresselhaus, M. S. Physical Properties of Carbon 
Nanotubes (Imperial College Press, Singapore, 2001). 
16. Feynman, R. P. Tiny machines. Feynman Lecture on Nanotechnology, video tape 
(1984). 
 
 
 
 
 
PART  I 
 
TOP-DOWN  NEMS: 
SILICON  CARBIDE
  14
 
 
Chapter 1* 
 
Nanodevice Motion at  
Microwave Frequencies 
 
 
 
It has been almost forgotten that the first computers envisaged by Charles Babbage 
in the early 1800s were mechanical1,2and not electronic, but the development of 
high-frequency nanoelectromechanical systems is now promising a range of new 
applications3, including sensitive mechanical charge detectors4 and mechanical 
devices for high-frequency signal processing5, biological imaging6 and quantum 
measurement7-9. Here we describe the construction of nanodevices that will operate 
with fundamental frequencies in the previously inaccessible microwave range 
(greater than 1 gigahertz). This achievement represents a significant advance in the 
quest for extremely high-frequency nanoelectromechanical systems.  
 
 
 
                                                 
* Manuscript based on this chapter has been published as: Xue Ming Henry Huang, Christian A. Zorman, 
Mehran Mehregany & Michael L. Roukes, Nature, 421, 496 (2003). 
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Until now, it has not been possible to create mechanical devices that operate at 
extremely high frequencies, owing to the dual challenge of detecting tiny displacements 
(on the scale of femtometres) at microwave frequencies1,3. The characteristic frequency 
of nanoelectromechanical systems (NEMS) scales upwards with decreasing size, but their 
displacement (when operating linearly) and their electromechanical impedance both 
simultaneously scale downwards. 
Two advances have been crucial to breaking the 1-GHz barrier in NEMS: the use 
of silicon carbide epilayers10, which are of comparable density but are significantly stiffer 
than the usual silicon11,12, and which allow higher frequencies to be attained for structures 
of similar geometry; and the development of balanced, high-frequency displacement 
transducers, which enable the ubiquitous passive embedding impedances that arise from 
electrical connections to the macroworld to be nulled13 (if uncontrolled, these parasitic 
impedances overwhelm the electromechanical impedance of interest –– the ‘signal’ –– in 
ultrasmall NEMS). 
We used 3C-SiC films that were grown hetero-epitaxially at atmospheric pressure 
by chemical-vapour deposition in an induction-heated reactor on 100-mm-diameter (100) 
Si wafers10. Device nanofabrication involves both optical and electron-beam lithography 
to define, respectively, large-area contact pads and submicrometre-scale, thin metallic-
film masks with the device geometry. Pattern transfer to the 3C-SiC layer is achieved by 
an electron cyclotron resonance (ECR) plasma-etch step involving an NF3/O2/Ar mixture. 
The patterned 3C-SiC beams are then suspended above the underlying silicon substrate 
by using an isotropic NF3/Ar ECR etch. The metallic mask (30 nm of aluminium, 
followed by 5 nm of titanium), deposited by e-beam evaporation and patterned by lift-off, 
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remains on the beams and is used as the electrode for displacement transduction. The 
devices consist of two nominally identical, doubly clamped beams, roughly 1.1 µm long, 
120 nm wide and 75 nm thick. 
Each doubly clamped beam pair is positioned perpendicular to a strong magnetic 
field (3–8 tesla) in vacuo within a liquid-helium cryostat. Balanced magnetomotive 
detection is used13; when the driving frequency matches the fundamental frequency of the 
in-plane flexural mode for one of the beams, there is resonant enhancement of the 
induced electromotive force. This response is pre-amplified and characterized by a 
microwave-network analyser.  
Fundamental mechanical resonances are detected at 1.014 GHz and 1.029 GHz 
for the two beams (Fig. 1.1). So far, quality factors attained above 1 GHz (about 500) are 
substantially lower than observed for NEMS in roughly the 100-MHz range (about 104). 
Having ruled out factors such as electrical damping, we are investigating whether this 
stems from roughness in the initial SiC epilayers, and how such sources of acoustic loss 
in microwave NEMS can be minimized. Nonetheless, this step into the previously 
inaccessible domain of microwave-frequency mechanical excitations constitutes a 
milestone along the path to the many new applications offered by nanomechanical 
systems. 
 
 
Acknowledgements: This work was generously supported by DARPA MTO/MEMS 
and NSF. 
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Figure 1.1 Microwave-frequency nanomechanical devices. a, Fundamental flexural-
mode resonant mechanical response at 1.014 and 1.029 GHz, detected at about 4.2 K 
from a pair of doubly clamped silicon carbide beams as a function of applied magnetic 
field (3–8 tesla). These devices are electrically connected within a balanced 
magnetomotive detection scheme13; each distinct resonance corresponds to excitation of 
one of the beams within the device. b, Scanning electron micrographs of a similar 
(slightly larger) pair of devices, with magnified views of a single resonant element. Scale 
bar, bottom right, 1 µm. 
a 
b
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Chapter 2* 
 
Mechanical Resonance Measurement 
and Quality Factor Optimization  
in Silicon Carbide  
Nanomechanical Resonators 
 
 
 
Nanomechanical resonators with fundamental mode resonance frequencies in the 
very high frequency (VHF), ultrahigh frequency (UHF) and microwave L-band 
ranges are fabricated from monocystalline silicon carbide thin film material, and 
measured by magnetomotive transduction, combined with a balanced bridge 
readout circuit. For resonators made from the same film, we measured the 
frequency (i.e., geometry) dependence of the quality factor. We have seen a steady 
decrease of quality factor as the frequency goes up. This indicates the importance of 
                                                 
* These results have been presented at the Transducers’03 conference and published as two conference 
papers: 
X. M. H. Huang, M. K. Prakash, C. A. Zorman, M. Mehregany & M. L. Roukes, “Free-free Beam Silicon 
Carbide Nanomechanical Resonators”, Digest of Technical Papers, volume 1, Transducers’03, The 12th 
International Conference on Solid-State Sensors, Actuators and Microsystems, Boston, MA, USA, June 8-
12, 2003 (Late News), ISBN: 0-7803-7732-X, pp. 342-343 (2003).  
X. M. H. Huang, C. A. Zorman, M. Mehregany & M. L. Roukes, “Quality Factor Issues in Silicon Carbide 
Nanomechanical Resonators”, Digest of Technical Papers, volume 1, Transducers’03, The 12th 
International Conference on Solid-State Sensors, Actuators and Microsystems, Boston, MA, June 8-12, 
2003, ISBN: 0-7803-7732-X, pp. 722-725 (2003). 
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clamping loss in this regime. To study this source of dissipation, a free-free beam 
silicon carbide nanomechanical resonator has been co-fabricated on the same chip 
with a doubly clamped beam resonator operating at similar frequencies.  Device 
testing has been performed to directly compare their properties.  A significant 
improvement in quality factor is observed for the free-free beam design. In addition, 
from studies of resonators made from different chips with varying surface 
roughness, we found a strong correlation between surface roughness of the silicon 
carbide thin film material and the quality factor of the resonators made from it. 
Understanding the dissipation mechanisms, and thus improving the quality factor of 
these resonators, is important for implementing applications promised by these 
devices. 
 
 
2.1  Introduction 
 
Doubly clamped beam nanomechanical resonators with operating frequencies 
within the microwave L-band have recently been achieved1, owing to both the 
development of better materials2 and novel detection techniques3. This new breakthrough 
promises a broad range of applications, including next generation high resolution sensors 
and actuators, and high speed signal processing components4-8. These devices also offer 
the potential advantage of much greater integratability over what is currently available. 
However, these first microwave NEMS resonators have exhibited deteriorating quality 
factors as the device frequency increases.  This could significantly restrict the application 
of this developing technology.  This chapter summarizes our initial attempt to address 
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this important problem, as well as our efforts to improve the measurement techniques at 
these frequencies.  
One of the possible reasons for the decrease of quality factor in these devices is 
the clamping loss intrinsic to the doubly clamped boundary condition9,10. Nguyen and 
collaborators have previously demonstrated the use of a free-free boundary condition to 
reduce this source of acoustic loss for micro-scale resonators11,12.  Here we explore the 
application of the free-free beam design for nanoscale resonators, where the feature size 
is at least an order of magnitude smaller than similar microscale structures.  
 
2.2  Nanofabrication 
3C-SiC nanomechanical resonators were fabricated using epitaxial growth and e-
beam lithography techniques detailed elsewhere2. Here, we discuss the recipe optimized 
for devices designed to operate at frequencies above 100 MHz. 
Briefly, the 3C-SiC films used in this work are heteroepitaxially grown on 100-
mm diameter (100) Si wafers in a rf-induction-heated, atmospheric pressure chemical 
vapor deposition reactor2.  SiH4 and C3H8 are used as precursors, and H2 is used as a 
carrier gas.  The epitaxial process is a two-step, high-temperature (1280°C) procedure, 
involving the carbonization of the Si surface in a C3H8/H2 ambient followed by epitaxial 
growth using SiH4, C3H8, and H2.  The epitaxial growth recipe is optimized for micron-
thick films yet produces 50 nm to 250 nm thick films of sufficient surface quality for e-
beam lithography. 
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Device fabrication utilizes a combination of optical and electron beam lithography 
techniques. The process begins by using standard photoresist and optical lithography to 
define the large-area contact pads comprising a 4 nm thick Cr adhesion layer and a 80 nm 
thick Au film. The substrates are then coated with a PMMA thin film, which is then 
patterned by electron beam lithography into a metallic lift-off mold to define the 
submicron mechanical components of the SiC devices.  The patterned metal mask (~30 
nm Al, followed by ~5 nm Ti) is transferred to the 3C-SiC layer by electron cyclotron 
resonance (ECR) etching using a NF3/O2/Ar anisotropic etch.  The newly patterned 3C-
SiC beams are then released by simply etching the underlying Si substrate using an 
isotropic NF3/Ar ECR etch.  The metal etch mask remains on the SiC beams to be used as 
a conducting layer for device testing.  
The etch rate for silicon carbide anisotropic etch is on the order of 100 nm/min 
(which depends on the exact location of the sample in the plasma), while the etch rate for 
the metallic mask is on the order of 1 nm/min. Such contrast in etch rate enables us to use 
very thin layer of metals, which is important in the fabrication of ultrasmall devices.  
Here, we employ 30 nm of Al, followed by 5 nm of Ti as the choice for device 
metallization, even though other metals such as Au and Ni are also capable of surviving 
the ECR etching process and can provide the electrical conductivity required by the 
detection scheme discussed later in this paper. The low mass density of Al helps in 
reducing mass loading, thus resulting in a higher frequency for the same device geometry 
as compared with a denser metal. The thin Ti top layer helps reduce oxidation of Al in the 
first ECR etching step, where oxygen is used as a gas component. 
 23
A typical suspended nanostructure is shown in the insert of Fig. 2.1. Two nearly-
identical suspended beams form a device structure for testing. Typical devices are about 
75 nm thick, with beam widths of 100 to 150 nm and lengths of 1.0 to 3.0 µm. A typical 
metallized beam has a measured resistance of about 100 Ohm at room temperature, with 
the resistance mismatch between the two beams in the same device to be within a few 
percent. 
 
2.3  Measurement of Mechanical Resonance 
Device testing is performed in ultrahigh vacuum (provided by liquid helium 
cooling of a sealed and evacuated dipper) and involves the use of magnetomotive 
transduction13,14 in conjunction with a variation of the balancing technique3 tailored for 
VHF/UHF/Microwave applications.  
The schematic circuit diagram is shown in Fig. 2.1. The sample is positioned in a 
magnetic field with the beams perpendicular to the field lines. The potential of the center 
pad is initially held at virtual ground by using a 180 degree power splitter to provide out-
of-phase driving of the two device branches and by making the two branches of the 
circuitry as close to identical as possible. The two beams are also nearly (but not exactly) 
identical to each other. As a result, they have slightly different resonance frequencies. 
When the drive frequency is swept to match the fundamental resonance frequency of one 
of the beams, resonant motion is induced to cut the field lines resulting in an emf voltage 
that can be detected. Nonidealities in the system produce a high residual background, 
which can be reduced using the balancing technique (Fig. 2.2). The improvement here is 
limited by the resistance mismatch (of a few percent) in between the two beams, which 
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was sufficient for this experiment. Further improvement can be made by using variable 
attenuators and adjustable phase shifters to further match the two branches of the driving 
circuit. Use of a low-noise cryogenic amplifier (Fig. 2.3) enables the detection of 
displacements on the order of femtometers. Resonance curves at different B fields for a 
typical UHF resonator pair are shown in Fig. 2.4. The peak and the dip represent the 
resonance of each of the two doubly clamped beams in the device structure. The observed 
noise temperature (referred back to the input of the amplifier) is about 7.6 K.  The noise 
comes from a combination of amplifier noise and the Johnson noise due to beam 
resistance sitting at 4.2 K.  The noise temperature implies that the displacement detection 
sensitivity on the order of fm/ Hz  has been achieved in our experiments. The maximum 
signal amplitude depends linearly on B2, as expected. The peaks are fitted to a Lorentzian 
curve in order to extract the quality factor, Q.  Here, we adopt the definition most 
popularly used in the field, namely, 0 /Q ω ω= ∆ , where 0ω  is the resonance frequency, 
ω∆  is peak width in power spectrum (i.e., width at half maximum signal power, or 
equivalently, 1 / 2 maximum signal amplitude), though another convention, which uses 
full-width at half amplitude as peak width, also appears in the literature (such as Ref. 2). 
The two definitions differ only by a numerical constant, with the Q value following the 
latter definition being smaller by a factor of 3 .  
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Figure 2.1 Schematic circuit diagram for balanced electronic detection. (inset) Side
and top zoom-in view of one of the two doubly clamped beams in the device structure.
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Figure 2.2 Suppression of detection background by the balancing technique.
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Figure 2.3 Measured noise temperature of the cryogenic-amplifier when it is
immersed in liquid helium.  
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Figure 2.4 (upper) Typical UHF resonance curves at different magnetic fields measured
using the circuit shown in Fig. 2.1. (lower) The two figures below show that the signal
amplitude is proportional to B2, as expected. 
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2.4  Clamping Loss 
The frequency dependence of Q for a family of devices fabricated from the same 
3C-SiC film is plotted in Fig. 2.5. The beams were identical in nearly every parameter 
except length, with the shortest beams (1.1 µm) yielding the highest resonant frequencies. 
The steady decline in Q with increasing frequency for beams made from the same film 
suggests that a clamping loss mechanism may influence Q at VHF/UHF/microwave 
frequencies.  
At least two approaches (or their combination) may be used to alleviate clamping 
loss at such frequencies. One is to further shrink the width of the devices. For the same 
operating frequency, a smaller width along the direction of motion would allow larger 
aspect ratio to be used, thus reducing clamping loss and improving Q, according to the 
results shown here. The other is the application of a free-free beam design11,12, to clamp 
the beams at the motional nodal points of fundamental resonance, and strategically design 
the support structure to minimize energy transfer from the resonance mode to the 
environment.  
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Figure 2.5 Quality factor vs. frequency plot for doubly clamped beam devices made
out of the center area of Wafer B (see Fig. 2.6). These devices differ only in e-beam
writing pattern geometry. The plot shows a gradual decrease in Q when the device size
becomes smaller, i.e., frequency becomes higher.
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2.5  Free-Free Beam Nanomechanical Resonators 
Here, we focus on the latter approach. We have used the lateral free-free beam 
design pioneered by Dr. Clark Nguyen and his group at the University of Michigan, to try 
to improve the quality factor of our nanodevices. The device structures consist of doubly 
clamped and lateral free-free designs12. SEM micrographs of some typical suspended 
resonator structures are shown in Fig. 2.6.  
The test setup is shown in Fig. 2.7.  Each resonator beam pair is positioned 
perpendicular to a strong magnetic field (1 to 8T) in vacuum at cryogenic temperatures.  
An rf current is passed through the conductor. For rf frequencies away from the 
mechanical resonance, the induced mechanical motion is minimal and the output at the 
central terminal can be approximately nulled to ground potential, through proper 
adjustment of the variable attenuators to balance the two electrical branches in the circuit.  
When the driving frequency matches the resonant frequency of one of the beams, 
resonant motion will occur in that beam, which, in turn, induces an emf at the output 
terminal.  After proper amplification, this emf is measured by a network analyzer. 
The beam pair under test has length of ~3.0 µm, the width of resonator beams and 
support beams (in the free-free design) are both ~0.15 µm.  In-plane resonances are 
observed at 170.01 MHz and 174.59 MHz, respectively, as shown in Fig. 2.8. By 
changing the variable attenuators and observing the amplitude change of both resonance 
peaks, we are able to determine that the 170.01 MHz peak is from the doubly clamped 
beam, while the 174.59 MHz peak is from the free-free beam resonator. Lorentzian fits to 
these peaks after de-embedding from the electrical background gives us quality factors 
for these resonators.  The quality factor of the doubly clamped beam is ~ 4,500, whereby 
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that of the free-free beam resonator is ~11,000.  The quality factor for the doubly 
clamped case is consistent with what we had observed with previously measured 
resonators of similar geometry and similar surface roughness.  The free-free beam 
measured in this experiment has a quality factor significantly higher than the best value 
from its doubly clamped counterpart. 
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Figure 2.6  SEM micrographs of typical devices. a, Side view. b, Top-view zoom-
in of a lateral free-free beam resonator. c, Top-view zoom-in of a doubly clamped
beam resonator. 
a 
b 
c
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Figure 2.7  Measurement setup. A doubly clamped beam and a lateral free-free beam
are fabricated within the same device structure for testing and comparison. 
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2.6  Effects from Surface Roughness 
To investigate the effect of film quality on performance, devices were fabricated 
from films that differed significantly in surface roughness (see Fig. 2.9). In all cases, 
devices operational in the UHF/microwave regime were made from films that had a low 
surface roughness (~ 2.1 nm). In contrast, devices made from rougher films (up to ~ 7.1 
nm) were operational into the VHF range, but not higher. For our setup, failure to detect 
any signal indicates an upper limit in the quality factor of the non-operational structures 
to be well below ~100. These results suggest a strong correlation between quality factor 
and surface roughness. 
The epitaxial growth recipe used to prepare the 3C-SiC films was initially 
designed for MEMS applications and thus was optimized for micron-thick films yet can 
produce 50 nm to 250 nm thick films of sufficient surface quality for e-beam lithography. 
Our results indicate that while the surfaces might be sufficient for fabrication purposes, it 
is critically important that the growth processes be optimized to produce ultrasmooth SiC 
thin films if these films are to be used for nanomechanical resonators having reasonably 
high Q values.  The issue of surface roughness is only now coming to the forefront, since 
up to recently, nanomechanical beams have only been fabricated from Si wafers (bulk 
and SOI) and epitaxial III-V films (i.e., GaAs) that have ultrasmooth surfaces by virtue of 
a long history in microelectronics. And this issue will continue to be important as new 
materials are added to the NEMS toolbox in response to the widening array of 
applications. Recipes for growing ultrathin SiC films optimized for surface smoothness, 
and techniques for SiC thin film surface polishing are currently under development. 
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Figure 2.9 AFM images of surface morphology of three SiC films, labeled A, B & C.
It is observed that all successfully measured UHF/Microwave devices are fabricated
from the center area of wafer B. Center area of wafer C has produced some good
devices in VHF frequency range, but fails to work in the UHF and microwave
frequency range.   
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2.7  Conclusions 
In conclusion, we have demonstrated that the resonant frequency of silicon 
carbide nanomechanical resonators designed to operate in the UHF to low microwave L-
band range can be measured using magnetomotive transduction techniques. Dissipation 
in such devices increases as the aspect ratio of the doubly clamped beams is reduced. We 
have demonstrated the SiC free-free beam nanomechanical resonators offer significant 
improvement in quality factor compared to doubly clamped beam design operating at 
similar frequencies. A strong correlation between surface roughness and deteriorating 
quality factor is established from our experiments. Technological developments such as 
these are proven crucial for realizing high-Q nanoscale mechanical resonators. 
Understanding the dissipation mechanisms and achieving the ability to improve the 
quality factor of such resonators is crucial for future NEMS applications.  
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Chapter 3* 
 
Fabrication of Suspended 
Nanostructures from Bulk 6H-SiC 
Substrates for Nanomechanical 
Resonator Applications 
 
 
 
A tilted electron cyclotron resonance (ECR) etching technique has been developed 
to fabricate suspended nanomechanical structures from bulk 6H-SiC wafers. The 
method applies an anisotropic ECR etch from three different angles relative to the 
wafer surface in order to pattern and release free-standing structures. A suspended 
nanoscale, doubly clamped beam resonator has been made as an initial 
demonstration of this new fabrication method. Fundamental flexural mode 
mechanical resonance is detected at 171.2 MHz, with a quality factor of about 3000. 
The availability of three-dimensional suspended nanostructures has opened up the 
possibility to integrate microwave-frequency nanomechanical devices with 6H-SiC 
based electronics, and thus significantly broaden the application scope of SiC 
nanomechanical systems. 
                                                 
* Preliminary results based on this chapter were presented at the International Conference on Silicon 
Carbide and Related Materials 2003 (ICSCRM 2003), Lyon, France, October 5-10, 2003. 
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3.1  Introduction 
Miniaturized mechanical devices have been developed in parallel with the 
shrinkage of electronic devices from micro- down to nano- scale1,2. The integration of 
nanomechanics with nanoelectronics has promised a wide spectrum of applications for 
making ultrafast, high-resolution actuators and sensors, and high frequency signal 
processing components and systems3,4. Silicon Carbide (SiC)5 is proven to be particularly 
well suited for nanoelectromechanical systems (NEMS) as recently shown by the 
successful demonstration of the first NEMS resonator with a fundamental resonant 
frequency greater than 1 GHz.6 This device capitalizes on the high acoustic velocity of 
SiC relative to other materials by using a 3C-SiC thin film (75 nm thick) as the main 
structural layer7-10. 3C-SiC was selected over other polytypes because it can be grown on 
sacrificial Si substrates, thus greatly simplifying the fabrication process. However, the 
high defect density in 3C-SiC thin films inhibits the integration of nanomechanical 
components with SiC electronics. For such systems, 6H-SiC is preferred, since high-
quality wafers suitable for electronics are readily available11. But unfortunately, 
sacrificial layers cannot easily be incorporated into these substrates, thus requiring 
alternative fabrication techniques to realize suspended mechanical structures. This 
chapter introduces the fabrication of 6H-SiC nanomechanical beams for NEMS 
applications using a method that does not depend on the removal of a buried sacrificial 
layer to release the suspended structures. 
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3.2  Tilted ECR Etch 
The 6H-SiC wafer used in this study had a surface roughness of about 1 nm, as 
measured by AFM (Fig. 3.1). This roughness is about a factor of 2 lower than the 3C-SiC 
films used previously6, and is similar to what we have achieved recently in our efforts to 
grow ultrasmooth 3C-SiC thin films. Since a correlation between increasing surface 
roughness and deteriorating quality factor has been established for nanomechanical 
resonators fabricated from 3C-SiC12, the surface quality of the 6H-SiC wafer we use here 
is expected to contribute to the dissipation processes in a similar fashion to the best of our 
3C-SiC thin films. 
To fabricate the nanomechanical structures, device patterns are transferred to a 
thin film metallic etch mask using a combination of photo- and e-beam lithography 
processes. For large anchor pads, the masks consist of 4 nm of Cr followed by 80 nm of 
Au and are patterned photolithographically. The masking layer for the beam structures is 
patterned using e-beam lithography and consists of 30 nm of Al, followed by 10 nm of 
Ti. A highly anisotropic ECR etch process involving a mixture of Ar and NF3 is used to 
pattern and release the suspended nanostructures. The chamber pressure is held at 30 
mTorr, with both Ar and NF3 flowing at a rate of 10 sccm. A DC bias of –100 V is 
applied to the sample stage. The etch rate for 6H-SiC is on the order of 100 nm/min, 
while that for the metallic mask is about 1 nm/min. To fabricate a doubly clamped beam, 
three etching steps are used, as shown schematically in Fig. 3.2. The first etch is 
performed along a direction parallel to the surface normal. This etch serves to define the 
general pattern of the beam and anchor pads. The second etch is performed after rotating 
the sample, so that the etching direction is rotated with respect to the principal axis of the 
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beam by 45°. The etch is performed such that at least 50% of the beam is undercut. The 
third etching step is performed with the etching direction at −45° and is continued until 
the beam is completely suspended. The three anisotropic ECR etching steps result in a 
suspended yet doubly clamped 6H-SiC beam with a triangular cross section. After the 
etch, most of the Ti layer is etched away, based on etch rate estimates. The thin 
aluminum layer remains on the beam after the etch, for the purpose of providing 
electrical conduction for device testing. Aluminum is chosen because of its very low 
mass density compared to other metals (such as gold), which is beneficial for achieving 
nanomechanical resonators resonating at higher frequencies6,12.  
The angle of sample rotation is different from the angle of etching direction. 
Experimentally, we have found that it is necessary to rotate the sample by about 80° in 
order to achieve an etching angle of about 45°. This indicates that ion beam bending 
occurs in the electric field perturbed by the presence of the sample. Such bending is due 
to the low DC bias we use, hence producing low energy ions. On the other hand, the low 
energy feature of the ions makes sure that the etch rate for most metals is on the order of 
1 nm/min or below. This enables us to use ultrathin layer of metallic films, which is 
compatible with state of the art e-beam lithography to define ultrafine features, thus 
making ultrasmall mechanical devices. 
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Figure 3.1 AFM scan of the 6H-SiC surface. The RMS  surface roughness
is about 1 nm. 
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Figure 3.2 Process flow schematics.  Block arrows represent ECR etching
direction. a, Cross-sectional view of the 6H-SiC chip with patterned metallic
mask (30 nm Al, followed by 10nm Ti). b, After first anisotropic ECR etch with
etching direction perpendicular to the wafer surface. c, Define the beam length
orientation as the axis. Tilt the ECR etching direction by about 45° to do the
second ECR etch. d, After the third anisotropic ECR etching step with the
etching direction tilted to -45°, the doubly clamped beam is suspended  with a
triangular cross section. 
metal mask 
c d 
6H-SiC 
a b 
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3.3  Measurement of Mechanical Resonance 
Using the aforementioned process, nanoscale beams, such as the structure shown 
in Fig. 3.3, have been fabricated. In this particular example, the beam is approximately 
3.3 µm long, 200 nm wide and 200 nm thick at its maximum point. In general, for a beam 
comprised of two layers of different materials, the resonance frequency can be calculated 
by10 
1/ 2
1 1 2 2
2
1 1 2 2
E I E If
L A A
η
ρ ρ
 +=  + 
.     (3.1) 
Here the indices 1 and 2 refer to the properties of the structural and electrode 
layers, respectively.  The constant η depends upon mode number and boundary 
conditions; for the fundamental mode of a doubly clamped beam η =3.57.  E1(2), ρ1(2), I1(2) 
and A1(2) are Young’s modulus, mass density, moment of inertia and cross sectional area 
of layer 1(2), respectively. Considering the geometry of the doubly clamped beam we 
fabricated here, the fundamental flexural mode frequency in the plane of the wafer 
surface (in-plane mode) is calculated to be about 150 MHz.   
This structure is a nanomechanical resonator that can be excited into resonance 
and tested using magnetomotive transduction 6,10,13-16. Here, the sample is loaded into 
vacuum, and mounted so that the surface normal is along the direction of the magnetic 
field. The RF current through the conducting layer of the beam generates an RF force to 
drive the beam. The frequency of the RF drive is swept. When the driving frequency 
matches the in-plane fundamental resonance mode frequency of the beam, resonant 
motion is induced. Such motion cuts the magnetic field lines, and generates an EMF 
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voltage peak at the mechanical resonance frequency.  This EMF is amplified and 
measured by a network analyzer.  
Preliminary testing of the resonator performance of such nanostructures has been 
performed. Mechanical resonance is detected at about 171.2 MHz, which is consistent 
with theoretical estimates within fabrication uncertainties of device geometry. After 
subtracting the background from the raw data, the de-embeded resonance peak is 
obtained, as shown in Fig. 3.4. Through Lorentzian fit to the resonance curve, the quality 
factor of the resonance is estimated to be about 3000. The quality factor of the beam is 
similar to those 3C- beams with similar aspect ratio, indicating the dominance of 
clamping loss in both cases17-19. Even though the performance of nanomechanical 
components are similar in both 3C- and 6H- SiC cases, with this particular design of 
device geometry, the low defect property of 6H-SiC wafer has clear advantage for the 
purpose of integrating mechanical and electronic components on the same chip.  
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Figure 3.3 Fabrication results.  
a, A suspended 6H-SiC doubly clamped beam nanomechanical resonator. b, Tilted
ECR etch. Etch angle is shown at the edge of the beam supports. This implies that
the beam cross section has a triangular shape. 
b 
Tilted ECR etch: 
Etching angle 
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Figure 3.4 Mechanical resonance detected by magnetomotive transduction
scheme, with data taken at different B field (from 2T to 8T). Electrical
background is subtracted from the raw data, then the quality factor can be
extracted from Lorentzian fit, which turns out to be about 3000. 
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3.4  Conclusions 
The ability to fabricate 3-D suspended nanostructures from 6H-SiC is an 
important breakthrough in NEMS not only because it enables electronic integration, but 
also because it provides a unique platform for exploring the effects of crystal and surface 
quality on resonator performance at microwave frequencies.  
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Chapter 4 
 
Potentialities and Limitations of 
Magnetomotive Transduction  
in Studying  
Nanotube Mechanical Motion 
 
 
 
Magnetomotive transduction scheme has been successfully applied to the study of 
micro- and nano- scale mechanical resonators in the past. When the size scale 
approaches that of a single molecule, comparable to that of a single single-walled 
nanotube, the validity of this method needs to be re-assessed. In this chapter, we 
experimentally study the eddy current damping mechanism in the context of the 
proposed SWNT motion detection by magnetomotive transduction.  A specially 
designed high aspect ratio SiC nanowire resonator is fabricated by top-down e-
beam lithography to serve as a dummy nanotube, which is capable of providing 
information about this dissipation mechanism in a more easily fabricated structure 
of larger size scale. Such information will be important for future data 
interpretation, when we actually perform similar experiments on molecular scale 
devices.   
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4.1  Introduction 
Magnetomotive transduction technique1-5 has played a very important role in a 
series of recent achievements involving gigahertz silicon carbide nanomechanical 
resonators6 and platinum nanowire resonators7. There has been tremendous interest in 
attempting to use this method for studying mechanical motion of single-walled 
nanotubes8, and molecular-scale objects in general. However, the validity of this 
technique needs to be re-assessed when such deep nanoscale is experimentally accessed. 
As recently pointed out by Schwab9, eddy current damping force caused by this 
transduction scheme will become important. Such mechanism was carefully studied by 
Cleland and Roukes3 and usually can be easily made negligible, but will become crucial 
for single molecules, such as a single-walled nanotube (SWNT). In this chapter, we have 
designed a high aspect ratio silicon carbide nanowire resonator to serve as a dummy 
nanotube to study this dissipation mechanism by simulating the situation to be faced by 
single-walled nanotubes.  
 
4.2  Magnetomotive Transduction and Eddy Current Damping 
The basics of magnetomotive transduction scheme has been extensively discussed 
elsewhere1-5. Briefly, we use a doubly clamped beam nanowire resonator, which is placed 
in a magnetic field perpendicular to the direction of nanowire axis. An rf current is sent 
through the conducting layer of the beam. The frequency of the current is swept. When 
this driving frequency matches the in-plane fundamental resonance frequency of the 
nanowire, resonant motion is induced. Such motion cuts the magnetic field line, and 
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induces an EMF voltage across the beam. Mechanical resonance is detected by measuring 
this additional EMF voltage on top of the electrical driving background. 
In the magnetomotive transduction scheme, we rely on the EMF voltage 
generated by the motion to infer the action of the nano-resonator. As pointed out by 
Cleland and Roukes3, no additional dissipation is expected when the external impedance 
seen by the EMF voltage source is infinite. Of course, this is generally not the case for 
practical high-frequency measurements. As a result, eddy currents in addition to the 
driving current present due to the EMF, thus generating an additional force, which is 
always opposed to the velocity and leads to dissipation.  
Quantitatively, we express the quality factor Q by 
0
1 1 1 1 ( )M E
M EQ Q Q m
β βω= + = +  ,    (4.1) 
where QM is the mechanical quality factor, Mβ  is the mechanical damping constant. QE, 
Eβ  are the partial quality factor and eddy current damping constant due to the loss from 
EMF induction9, where Eβ is defined as  
   2 2E
I B l
V
β ∂≡ ∂  ,      (4.2) 
where I and V are current and voltage across the beam, l is the length of the beam. Eq. 
(4.1) is valid if the dissipation processes are independent. 
 For low operating frequencies, V
I
∂
∂ can be made large to minimize the effect. 
However, this becomes not practical at high frequencies due to the unavoidable parasitic 
components in the electronic circuitry.  
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4.3  Dummy Nanotube Test Results and Discussions 
The doubly clamped beam nanowire resonator we use here is made out of 3C-SiC 
thin film (75 nm thick), fabricated by top-down nanolithography. The nanowire beam is 
about 15 µm long, 0.15 µm wide, with 45nm Al, followed by 5 nm Ti on top as etch 
mask, and for electrical conduction. The fabrication process has been discussed 
elsewhere6,10. SEM micrographs of the suspended nanostructure for this experiment are 
shown in Fig. 4.1.  
The device is wire-bonded, loaded into an evacuated dipper and cooled down to 
liquid-helium temperatures. A strong magnetic field is applied perpendicular to the 
sample surface. Fundamental mode mechanical resonance is detected at 12.76958 MHz. 
Fig. 4.2 shows the resonance curve at different driving voltage, at a constant B field value 
of 6 Tesla. At high driving amplitude, the device will perform as a standard nonlinear 
Duffing oscillator. This result enables us to choose a drive, so as to work within the linear 
regime for the resonator. 
The resonance curve at different B field is plotted in Fig. 4.3. The driving voltage 
is chosen to be 1 µV. The maximum amplitude vs. B2 is shown in the insert of Fig. 4.3, 
which differs significantly from a linear dependence found in the literature2,10.  It 
resembles linear dependence only at low field values. Obviously, such deviation is due to 
the increase of dissipation at higher B field values. Quality factor Q is experimentally 
determined from these traces by Lorentzian fit to the resonance curves, and calculating  
  0Q ωω= ∆  ,       (4.3) 
where 0ω  is the resonance center frequency, ω∆  is the full width at half maximum of 
power spectra. 
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Fig. 4.4 is a plot of 1/Q vs. B2, which is linear, as expected from Eq. (4.1).  From 
the intercept of the linear fit, we can calculate QM is about 50,000, which is the quality 
factor of the resonator without additional loss caused by the magnetomotive transduction 
scheme.  
When we come to the point of experimenting with an actual single SWNT 
resonator, for example, of 1 micron length with doubly clamped boundary condition, 
eddy current damping is expected to be dominant at 8T, making Q to be on the order of 
100. As we reduce the B field to 1T, Q should increase, and approach the order of 104 (if 
other dissipation processes contribute much less dissipation than the eddy current 
damping at 1 Tesla B field ). This can be considered a signature of nanotube motion to 
look for.  
The sensitivity of such detection is limited by the first stage electrical amplifier 
noise, when the signal is optimally coupled to the amplifier. Nonideal coupling will 
reduce the sensitivity further, thus it’s important to improve impedance matching 
between the device output and amplifier input. This is technically difficult, but do-able. 
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Figure 4.1 SEM micrographs of suspended SiC doubly clamped beam resonator. The 
device is metallized by 45 nm Al, followed by 5 nm Ti. The beam is about 15 µm long, 
150 nm wide. (top) Top view of the device; (bottom) Side view of the device. 
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Figure 4.2 Resonance curve at different driving amplitude. Data taken at constant B 
field of 6 T. 
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Figure 4.3 Measured resonance curve at different B field. The maximum resonance 
amplitude is plotted vs. B2 in the insert, which deviate significantly from the usual linear 
dependence. Data taken at driving amplitude of 1 µV. 
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Figure 4.4 Dissipation (1/Q) vs. B2 plot. 
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4.4  Conclusions 
We thus conclude that magnetomotive transduction scheme may still be useful in 
studying fundamental flexural mode molecular motion. However, the experimental 
signature would be different from what we know from previous micro- and nano- scale 
experiments. The results discussed in this paper will be crucial in data interpretation for 
future experiments to be performed on single molecules. 
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Chapter 5 
 
Design of a Nanotube-Based 
Magnetomechanical  Resonator for 
Zeptonewton Force Detection 
 
 
 
Magnetic resonance force microscopy (MRFM)1 aims to achieve three-dimensional 
imaging of biological macromolecules with atomic resolution. Despite significant 
advances in improving the force sensitivity of mechanical resonators, achieving the 
ultimate goals of MRFM is still an open challenge. Here we propose a novel device 
structure, using a nanotube carrying a single domain nanomagnet2 paddle, to form 
a torsional mechanical resonator. This device design appears capable of force 
sensing with zeptonewton/Hz1/2 sensitivity at room temperature, which is essential 
for realizing 3-D nuclear magnetic resonance imaging by MRFM with atomic 
resolution.    
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5.1  Introduction 
Three-dimensional imaging of individual biological molecules is a great challenge 
for microscopy. One plausible approach to achieve this goal is through imaging of 
individual nuclear spins carried by each atom in the molecule. In principle, this can be 
realized by magnetic resonance force microscopy (MRFM)1. This technique was first 
proposed by Sidles1, and later demonstrated by Rugar et al.3,4 and Hammel et al.5. MRFM 
requires a mechanical resonator with extremely high force sensitivity and a magnetic 
probe tip that is capable of atomic spatial resolution. Even though efforts to date have 
been quite impressive in improving force sensitivity and spatial resolution, there is still a 
long way to go towards the ultimate goal of 3-D biomolecular imaging.  
The device used by Rugar and his collaborators relies heavily on the small spring 
constant of a large aspect ratio cantilever, which yields the sub-attonewton force 
sensitivity at 300 mK  temperatures6. Here we propose an alternative device structure 
based on nanotubes, which supports a single domain nanomagnet paddle. We utilize the 
excellent mechanical properties of nanotubes7-9, to allow an extremely low torsional 
spring constant, and thus an extremely high torque sensitivity. When such torque is 
applied in the form of an applied force onto one end of the paddle, it appears that it may 
be possible to attain ultrahigh force sensitivity, even below 10-19 N/ Hz  (100 zN/ Hz ). 
 
5.2  Device Design Principle 
The basic structure of the device is shown in Fig. 5.1. The axle is a section of a 
single nanotube.  
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The paddle is a single domain nanomagnet, which is a piece of Ni (or NiFe) with 
typical dimensions of 1 µm long, 100 nm wide, 50 nm thick. 
The torsional spring constant of the resonator is dominated by that of the axle, 
while the moment of inertia is mainly from the paddle.  
For small oscillations, the equation of motion for linear mechanical resonators, 
torsional mechanical resonators, and electrical resonators with one degree of freedom can 
all be described by the same differential equation10.  
Applying the simple harmonic oscillator approximation for small motional 
amplitude, the equation of motion for the torsional case can be written as 
  0 sinR RI c k T tϕ ϕ ϕ ω+ + =   ,     (5.1) 
where I is the moment of inertia of the resonator, Rc  is the torsional damping coefficient, 
Rk  is the torsional spring constant, 0 sinT tω is the external torque. 
The fundamental torsional mode resonance frequency can be calculated by 
0
Rkf
I
=  .       (5.2) 
The torsional spring constant Rk  can be calculated by
10  
   
4 4 4( )
8 8R
G D d GDk
L L
π π−= ≈  ,     (5.3) 
where G  is the shear modulus of the nanotube, D  and d are its outer and inner diameter, 
L  is the total length of the suspended nanotube section used for supporting the paddle. In 
terms of the moment of inertia, the contribution from the nanotube Itube is much smaller 
than that from the paddle. Ignoring the contribution from the nanotube, we have  
   21
12tube paddle paddle
I I I I ml= + ≈ =  ,    (5.4)  
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where m  is the mass of the paddle, l  is the length of the paddle. 
The fundamental limit for the torque sensitivity of the device is dominated by 
thermomechanical noise. The thermal noise spectral density for torque is  
   
1/ 2
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8 12
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B R
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π
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=
=    
=
= ⋅
 .   (5.5) 
 We note that the torsional spring constant is proportional to 4D , thus smaller tube 
diameter is crucial for achieving extremely high sensitivity. For nanostructures that can 
be made by top-down e-beam lithography, the feature size is about an order of magnitude 
larger than single walled nanotube (SWNT) diameter, thus 410  larger in spring constant, 
contributing an order of magnitude reduction in force sensitivity.  
In order to test the torque sensitivity of the device (and effective force sensitivity, 
if a net force is applied, that is predominantly distributed at the probe tip end of the 
paddle), we have an electric circuit on chip (see Fig. 5.1), which allows an ac current to 
run close to the probe tip end of the paddle. A “test magnetic moment” (whose value can 
be calculated numerically) can be generated by the current. 
The above summarizes the mechanical resonator part of the device. The expected 
properties of some typical devices of this kind are shown in Fig. 5.2. We assume the 
paddle geometry to be l = 1µm  long, w = 100 nm wide, t = 50 nm thick. The total length 
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of the nanotube section is L = 1 µm . Then, we immediately know the torsional spring 
constant (Fig. 5.2a) and the fundamental torsional mode resonance frequency (Fig. 5.2b) 
for different nanotube diameters. The thermomechanical noise torque spectral density is 
calculated for different temperatures and different quality factors, as shown in Fig. 5.2c. 
 For certain measurement orientations, the paddle itself could serve as a probe 
magnet in MRFM experiment. When the nanomaget tip is brought close to a spin the 
magnetic resonance occurs at the frequency  
  0, ( )magnetic B rω γ= ⋅ h  ,      (5.6) 
where γ  is the gyromagnetic ratio, ( )B rh  is the local B  field value at the location rh .  
 The magnetic resonance is excited by an rf or microwave coil, with proper 
orientation (depending on the specific MRFM protocol taken11,12). There are different 
ways to couple the magnetic resonance to the mechanical resonance, as summarized by 
Sidles1. Transverse detection of MRFM matches the magnetic and mechanical resonance 
frequency, so that the oscillating magnetic moment will apply an oscillating force on the 
mechanical resonator at its natural frequency. Due to technical challenges, this has not 
yet been demonstrated so far. Instead, detection of longitudinal moment has been 
demonstrated experimentally, e.g., through cyclic modulation to the gradient field, at half 
of the mechanical resonance frequency.  
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Figure 5.1 Device schematics. 
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Figure 5.2 The expected properties of some typical devices. We assume the paddle
geometry to be l = 1 µm , w = 100 nm, t = 50 nm. The total length of the nanotube
section is L = 1 µm. We assume the torque spectrum is generated by a force spectrum
applied at the probe end of the paddle, the equivalent linear spring constant and the
effective force spectral density can then be defined. a, Torsional spring constant and
its equivalent linear spring constant vs. nanotube diameter plot. b, Fundamental
torsional mode resonance frequency vs. nanotube diameter plot. c, The
thermomechanical noise torque spectral density at different temperatures is plotted vs.
nanotube diameter, assuming 510Q ∼  (solid lines), or 410Q ∼  (dotted lines).  
a b
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5.3  Resonance Measurement Scheme 
 
One straightforward approach to measurement of the resonance frequencies is 
through use of a commercial scanning electron microscope (SEM).13,14 In this case the 
sample is rotated by 45 degrees with the length of the paddle as the axis. The electron 
beam is focused on a point near the detection end, and near the edge of the paddle. The 
output signal from a photomultiplier (serving as a secondary electron detector) is 
monitored using a spectrum analyzer to detect mechanical displacement (see Fig. 5.3). 
The work by Buks and Roukes has demonstrated displacement sensitivity at the level of 
134 10 m/ Hz−× , and their setup has been experimentally proven to be useful for 
resonance frequencies up to about 10 MHz. 
The spectral density for angular displacement response on resonance is  
   
1/ 2 1/ 2
2 1
T
R
B
R
R
QS S
k
k TQ k I
k
θ
π
= ⋅
= ⋅
 .     (5.7)  
The known parameters of the beam allow determination of the scaling factor translating 
the signal of the spectrum analyzer to actual angular displacement noise.  1/ 2 ( / 2)S lθ ⋅  
gives the displacement noise peak at the detection point where the electron beam is 
focused. 
 Corresponding to the devices discussed in Fig. 5.2 (assuming the paddle geometry 
to be l = 1µm  long, w = 100 nm wide, t = 50 nm thick. The total length of the nanotube 
section is L = 1µm . Here, assuming the quality factor of the device to be 510Q ∼ ), the 
calculated angular displacement response is plotted for different temperatures (solid 
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lines) in Fig. 5.4. The dotted lines are effective force sensitivity contours, which defines 
the dependence with the same thermomechanical force spectral density. 
To assess the practical limits to the motion transduction scheme proposed here, it 
is necessary to consider both the electron recoil back action noise and electron shot noise 
induced fluctuations in (angular) displacement readout.  
When electrons get scattered by the paddle, momentum transfer occurs in the 
process. This causes random motion of the paddle, which, in turn, induces fluctuation in 
the readout. This noise process is called electron recoil back action noise. On the other 
hand, electron shot noise is caused by the discreteness of electrons. Statistical fluctuations 
of the number of electrons in the primary beam are transduced into fluctuations in the 
number of electrons that reach the detector. Both of these noise processes cause the 
readout to fluctuate, thus impose lower limits for the smallest angular displacement that 
can possibly be detected.    
Analogous to the optical case15, the force spectral density of electron recoil back 
action noise can be written as 
  1/ 2, 4 / 4F ba eS IVh IVmυλ= =   ,    (5.9) 
where υ  is the velocity of the electrons, λ  is the electron wavelength, h is Planck’s 
constant, em  is the mass of the electrons, I and V are e-beam current and acceleration 
voltage, respectively. For beam current of 1 pA and acceleration voltage of 1 kV, we 
have 1/ 2, 60F baS = pN/ Hz . The corresponding angular displacement noise can be 
calculated by  
   1/ 2 1/ 2, , ( / 2)ba F ba
R
QS S l
kθ
=  .      (5.10) 
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The results are added to Fig. 5.4 for 1 kV acceleration voltage, and beam currents of 1 pA 
and 1 fA, respectively. 
 Electron beam shot noise causes the beam current to fluctuate, with a current 
spectral density 
   1/ 2 2
3I
S eI=  .       (5.11) 
This current noise causes fluctuations in the displacement readout, 
   
1/ 2
,1/ 2
,
1I shot
x shot
S
S
I I
∝ ∝  .      (5.12) 
It has been determined by Buks and Roukes, in a separate experiment on the 
JEOL 6400 SEM in our lab13,14, that the sensitivity of our displacement detection scheme 
is about 134 10−× m/ Hz . In their work, the operating e-beam current is 100 pA, and the 
electron recoil back action noise is expected to be negligible for the devices used in their 
test. Here, we can use such result to infer an upper bound for electron shot noise induced 
fluctuation in our specific setup. Such shot noise upper bound at other e-beam currents 
can then be deduced. These are also plotted in Fig. 5.4. 
Another important consideration is the minimization of device heating due to 
electron bombardment. This will impose a practical and unavoidable constraint upon the 
beam current used to sense resonator motion.  The energy absorbed by the sample 
depends on the penetration depth of electrons and on the thickness of the metal layer. But 
in the worst extreme case, all of the e-beam power I V⋅  gets absorbed by the paddle, and 
the only pathway to transfer the heat to the environment is through the nanotube section 
supporting the paddle. In equilibrium, the temperature increase on the paddle can be 
roughly estimated by  
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  max
/ 2 ( / 2)T lΘ∆ ≤ ⋅Κ  ,      (5.13) 
where Θ is heat flux, Κ is thermal conductivity. For thermal conductivity of nanotubes, 
measured16,17 to be larger than 200 W/(m K)⋅ , we can estimate the upper limit in heating 
for our example devices described above.  
 Using 1 pA beam current measuring a device at room temperature, we have 
max ~ 3T∆ K. However, it is unlikely that the heating effect reaches this limit, since only a 
fraction of the total e-beam power will be absorbed by the paddle and generate heat.
 Similarly, for 1 fA beam current, operating at 300 mK, max ~ 3T∆ mK. Again, the 
actual effect would depend on the fraction of e-beam power getting dissipated. 
 Therefore, in order to avoid heating up the paddle to a temperature much higher 
than that of its environment, proper e-beam current needs to be chosen at the temperature 
of device operation. 
 From the examples shown in Fig.5.4, we can see that it appears possible to 
achieve ~250 zN/ Hz  force sensitivity at room temperature with e-beam current of 1 
pA, and acceleration voltage of 1 kV. 
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Figure 5.3 Measurement setup. a, Approximate top view. b, Side view. 
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Figure 5.4 Calculated angular displacement thermomechanical response at different
temperatures (thick solid lines). It was assumed that the paddle geometry is l = 1µm ,
100w =  nm, t = 50 nm; the total length of the nanotube section is L = 1µm ; the quality
factor of the resonator device is 510Q ∼ . The measurement detects the linear
displacement at the probe end of the paddle. The probe tip displacement spectral density
is shown on the right-hand-side axis. The dotted lines are effective force sensitivity
contours, which defines the trajectory with the same thermomechanical force spectral
density, at different values of 10, 100, 1000 zN/ Hz . The area below 1000 zN/ Hz
line is the area that the resonator has sub-attonewton effective force sensitivity. Also
plotted are the electron recoil back action noise floors for 1 kV e-beam acceleration
voltage, and 1 pA, 1 fA beam current, respectively (thin solid lines).  The upper bounds
of electron shot noise induced fluctuations in displacement readout are plotted for e-
beam currents of 100 pA, 1 pA and 1 fA, respectively (slash-dotted lines). 
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Chapter 6 
 
Quantum Jumps in Nanomechanics: 
Issues of Principle and 
Prototype Devices 
 
 
 
A structure designed to enable observation of quantum jumps in nanomechanical 
devices is described. A prototype device demonstrating a frequency shift 
transduction scheme is fabricated and tested in the classical domain. The coupling 
mechanism involved is analogous to Kerr nonlinearity in quantum optics. This 
nanomechanical approach should allow quantum nondemolition (QND) 
measurements if the experimental technique is extended into the quantum regime. 
Based on quantum simulations and experimental analysis, we argue that single 
quanta sensitivity can be achieved in next-generation devices of this kind. 
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6.1  Introduction  
Quantum Mechanics has achieved tremendous success since its birth over a 
hundred years ago. However, except in a few systems, direct observation of mechanical 
quanta remains a great experimental challenge even today. Physicists in the field of 
gravitational wave detection have been actively seeking ways to make quantum 
nondemolition (QND) measurements at, and beyond, the standard quantum limit for more 
than 20 years1-5.  More recently, with the rapid development of the emerging field of 
nanomechanics6,7, notably the demonstration of nanomechanical resonators operating at 
microwave frequencies8, great interest has been generated to explore the possibility of 
seeing single mechanical quanta in nanoelectromechanical systems9-12. Technologically, 
nanomechanical sensors with single quanta sensitivity can be used for single spin 
detection13, which could, in turn, pave the way towards imaging of single molecules with 
atomic resolution14.  
 
6.2  Standard Quantum Limit and Quantum Nondemolition Measurement 
In quantum mechanics, the uncertainty principle dictates that position and 
momentum can not be measured simultaneously with arbitrarily high precision. The best 
can be done by observing both of the conjugate observables at the same time, defines the 
standard quantum limit (SQL). For example, the standard quantum limit for a 
measurement of harmonic oscillator position can be expressed as 
  
02 ωmx
?=∆  ,      (6.1) 
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where 2π?  is Planck’s constant, m is the effective mass of the simple harmonic 
oscillator, 0 / 2ω π is the frequency of the resonator.  
For a system in an eigenstate of certain observables, if we use an instrument to 
measure such an observable, but not its conjugate, the system will remain in the same 
eigenstate after repeated observation. The uncertainty for the measured observable then 
can be smaller than the corresponding standard quantum limit. Such kind of measurement 
is quantum nondemolition (QND) measurement. 
A full discussion about the concepts of SQL and QND measurement is out of the 
scope of this thesis, such information can be found in specialized review articles available 
in the literature1,4.  
 
6.3  Device Proposal 
Milburn and Walls have analysed a QND measurement scheme using four-wave-
mixing interaction15. The interaction Hamiltonian involved is identical to that of the 
optical Kerr effect, with which QND measurement has been achieved in the field of 
quantum optics16,17. More recently, QND measurements with single optical photons18 and 
single microwave photons19 are also realized. Despite the success with electromagnetic 
wave and particles, it seems, little attention has been paid to possible physical realizations 
for measuring the mechanical phonon numbers, even though the original QND 
measurement proposals1,2 were targeted at mechanical phonons. 
Here, we consider a structure schematically shown in Fig. 6.1a, which supports 
similar interaction Hamiltonian, and thus may be used to realize a phonon number 
measurement in NEMS. There are two resonator beams, indicated as the signal resonator 
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and the probe resonator. They are coupled through a coupling junction in between. We 
take their fundamental resonance mode in the wafer plane as the modes of interest. The 
motion from the signal mode generates tension along the length of the signal resonator 
beam. Such tension is used to tune the resonant frequency of the detection mode.  
 The interaction between the signal and probe beams through the coupling junction 
has been modelled, by Santamore20, to have the dominant coupling term 2 2a bx x⋅ , since this 
is the leading order anharmonic coupling term21.  
 Taking this interaction term into the quantum regime, the Hamiltonian becomes 
   † 2 † 2( ) ( )IH a a b bλ= + +?  ,     (6.2) 
 Under the approximation that the measurement time is much shorter than the coherence 
time, but much longer than single motional cycle, most terms would vanish if averaged 
over the measurement time, and the remaining term would be  
   † †'IH a ab bλ= ?  ,      (6.3)  
After making this approximation, the interaction has the form of Hamiltonian that is 
identical to that of Kerr nonlinearity. What’s essential for nanomechanical systems is that 
the thermomechnical noise process is not negligible, since the mechanical Fock state 
spacing 0ω?  is usually smaller than thermal fluctuation energy Bk T  for experimentally 
accessible mechanical systems. On the other hand, the demonstration of the first 
microwave frequency NEMS resonator device8 with fundamental mode resonance 
frequency above 1 GHz has made it plausible to have a thermal occupation number, 
defined as  
0
B
T
k Tn ω≡ ?  ,       (6.4) 
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to be smaller than unity. For example, for a 1 GHz nanomechanical resonator, cooled 
down to 50 mK, Tn  equals unity. It is plausible to make nanomechanical resonators with 
fundamental mode resonance frequency to be 2 or 3 GHz. It is also possible to get to a 
temperature below 50 mK, with a dilution refrigerator. Therefore, we should be able to 
access a regime, in future, where the thermal fluctuation is smaller than the Fock state 
energy level spacing, in the harmonic oscillator approximation.  
 Our approach in this chapter is to demonstrate experimentally the possibility of 
realizing an x2 coupling mechanism in the classical domain. 
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Figure 6.1 Device and Measurement schematics.  a, Schematic drawing of proposed
device structure. b,  Schematic illustration of measurement principle.   
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6.4  Experimental Details  
6.4.1  Prototype Device Fabrication 
Device fabrication8,22 starts from a monocrystalline 3C-SiC thin film on top of Si 
substrate. Standard photolithography and e-beam lithography procedures are used to 
define contact pads and device patterns, respectively. These patterns are then transferred 
to metallic masks by liftoff processes. A two-step ECR etch involving Ar, O2, and NF3 
plasma is used to etch away SiC not covered by metal, and then suspend the 
nanostructure. The first step operates at 3 mTorr of chamber pressure, with 10 sccm flow 
rate for both Ar and NF3, 5 sccm for O2. Also, a DC bias of –250 V is applied on the 
sample. As a result, SiC is etched anisotropically. The direction of the etch is 
perpendicular to the wafer surface. The etch rate is on the order of 100 nm/min, 
depending on the exact location of the sample in the plasma. The second step is also 
carried out at a chamber pressure of 3 mTorr, with flow rate of 20 sccm for both Ar and 
NF3 gases. DC bias on the sample is –100 V. This step gets Si etched isotropically. Here, 
the Si serves as the sacrificial layer that ultimately enables suspension of the 
mechanically functional nanostructure. The etch rate for Si is about 1 µm/min. By 
comparison, the etch rate for metals in both steps is on the order of 1 nm/min or less (for 
essentially all metal we use, including Cr, Au, Ag, Pt, Al, Ni, Ti). 
  SEM micrographs of a completed device are shown in Fig. 6.2. The width of the 
fine features is 0.2 µm, which contains 40 nm Au atop 2 nm Cr (for cohesion) as metallic 
layer on top of 75 nm SiC.  
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From these photos, we can see that the resonator beams and the coupling junction 
structure are completely undercut. The large finger pads and the small support structure 
are partially undercut, but still sufficiently anchored to the silicon substrate. 
 
6.4.2  Device Testing Setup 
 The schematic circuit diagram for device testing is shown in Fig. 6.3. Instrument 
“a” and “b” physically can be either a network analyser, e.g., model HP3577A, or an rf 
signal generator (HP8648B) coupled with an rf lock-in amplifier (SR844). Both 
configurations give similar results. Instrument “a” operates around the fundamental 
resonance frequency of resonator “a”, while Instrument “b” operates around that of 
resonator “b”. 
Joule-heating effect from the currents needs to be considered. Here, we use the 
input power level required to shift the resonance by half peak width to define the onset of 
this effect. In this work, we have experimentally determined that it is necessary to have 
an input power of about 30 nW to reach such onset for the signal mode resonance. The 
power levels we used in our measurements are at least an order of magnitude lower.  
 This measurement circuit incorporates the essence of the balanced electronic 
detection developed recently by Ekinci et al.23. All driving signals first pass through a 
180° power splitter, and then are sent through electrodes from the clamped ends of the 
two resonators. The common end of the two resonators, i.e., the central pad at the 
coupling junction, is used as the device output port. In this circuit, effects from the 
parasitic components of the two circuit branches can be minimized when the two 
branches of the circuit are closely matched in terms of attenuation and phase shift.  
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 Fig. 6.3 shows the basic circuit for this measurement. Additional components can 
be added to optimise the performance, including additional attenuator and phase shifter to 
help improve the balancing between the two circuit branches for driving, and impedance 
matching networks at each port.  
 For this experiment, we found that, as-fabricated, the sample had the proper 
resistance values at 4.2 K, so that the output impedance at the detection port was initially 
reasonably well-matched to 50 Ω, i.e., to within a few percent. 
 
6.4.3  Test Results and Discussions 
 The characterization of the signal mode by instrument “a” is shown in Fig. 6.4. 
The top figure shows the B field dependence of resonance. By fitting to Lorentzian curve, 
we can determine the signal mode resonance quality factor is about 11,400.  
 In the design of this prototype device, the large aspect ratio of the signal resonator 
beam helps to provide its high Q. In this kind of beam resonator, using magnetomotive 
transduction, two dissipation mechanisms are important, the clamping loss24 and the eddy 
current damping25 (see also, Chapter 4 of this thesis). And they compete with each other.  
The inset in Fig. 6.4a shows maximum amplitude of the resonance depends 
linearly on B2, as expected for this magnetomotive transduction scheme of mechanical 
motion25-27. Fig. 6.4b shows the driving amplitude dependence of the resonance, so as to 
keep track when our experiment is addressing the linear regime for the signal resonator 
mechanical resonance.  
The signal mode resonance frequency shifts downward slightly as the driving 
power goes up. This is due to Joule heating effect at high driving power. However, for 
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the purpose of this experiment, we are more interested in the low amplitude regime, 
approaching the quantum noise limit.  
From the QND measurement point of view, the detection scheme is an attempt to 
read out the energy excitation of the signal mode. This excitation manifests itself as a 
phase shift in the detection mode.  
 Fig. 6.5 shows the amplitude and phase of the detection mode resonance. When 
the drive to the signal mode is turned off, the resonance of the detection resonator is 
shown by the black traces. These are measured under the condition that the motion of the 
signal resonator is at the thermomechanical noise limit, which can be estimated by 
   1/ 2 4
2
B
x
a eff
k TQS
f kπ=  ,      (6.5) 
where effk is the effective spring constant of the signal beam. For the signal resonator 
used in this prototype experiment, this is calculated to be on the order of 4 fm/ Hz . In 
the example shown in Fig. 6.5, the drive applied to the signal resonator results in a 
resonance amplitude of about 0.36 nm; this motion, in turn, results in a phase shift of the 
detection mode resonance of 30.2 degrees. The minimum detectable amplitude of signal 
resonator motion is estimated to be about 10 pm based on the measured noise floor of this 
experiment. 
 To characterize this detection method, the amplitude of motion for the signal 
resonator is varied stepwise while the resulting phase shift of the detection mode is 
recorded. The result is plotted in Fig. 6.6. We note that the result from Fig. 6.5 gives one 
of the points in Fig. 6.6. As the signal mode resonance amplitude is decreased, the noise 
floor of this detection method is approached; in this initial work it is dominated by the 
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first stage amplifier noise. The amplifier noise floor (~ 1 nV/ Hz ) translates into the 
minimum phase shift, which in turn corresponds to a minimum detectable energy of the 
signal mode resonance. Here the minimum energy is 6~ 10  quanta under the condition of 
this experiment for this particular device. On the other hand, the signal beam’s 
thermomechanical noise floor is on the order of 103 quanta as calculated from thermal 
occupation number /B ak T ω?  for signal resonator.  
It is important to note that, based on quantum measurement theory28, the thermal 
occupation number does not need to be smaller than 1 in order to see quantum behaviour 
in the system. As pointed out by Braginsky et al.29, as long as the measurement time is 
shorter than the quantum coherence time, quantum measurement is achievable in 
principle even if Bk T  is larger than 0ω? . The quantum coherence time issue in devices of 
this kind is very important, which requires much further investigation (beyond this 
thesis).  
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Figure 6.2  Device SEM photos. a, Top view. b, Side view. 
a 
b 
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Figure 6.3 Measurement circuit diagram. Instrument “a” and “b” can either be a
network analyzer, e.g., model HP3577A, or an rf signal generator (HP8648B)
connected to an rf lock-in (SR844).  
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Figure 6.4  Signal mode characterization. a, Resonance traces at different B field. b, 
Resonance traces at different driving amplitude. This enables us to choose the driving 
amplitude, so as to insure operation within the linear regime of the signal resonator.  
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Figure 6.5 Detection mode frequency/phase shift due to signal mode motion. 
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Figure 6.6 Primary result: <x2> coupling. The sensitivity of these experiments is 
limited by readout amplifier noise, which corresponds to ~106 signal-mode quanta in this 
particular case.  
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6.5  Quantum Dynamics Modelling and Simulations  
 
6.5.1  Theoretical Model 
The device contains two mesoscopic elastic beams with rectangular cross-section, 
connected by a junction that couples the flexing motion of signal beam (system) to the 
flexing modes of the detection beam (ancilla) anharmonically. Our interest is quantum 
jumps occurring in the system, i.e., the time evolution of † ( )a a t< > . 
All thermal baths (environment) are modeled as infinite numbers of harmonic 
oscillators, however, the physics of the environment couplings to the system and that to 
the ancilla are quite different. For the system, the environment coupling is due to non-
zero temperature thermal bath whilst for the driven ancilla, it is mainly thermal noise 
generated by the flexing motion of the beam. Nevertheless the mathematical structures of 
the bath’s Hamiltonian are very similar and differ only by coeffcients. Two thermal baths 
are linearly coupled (coordinate-coordinate coupling, or x-coupling) to the system and 
ancilla. For the readout coupling, the coupling between the ancilla and read-out is also x-
coupling since the displacement of the ancilla’s flexural mode is monitored by the read-
out (a physical instrument). 
 
6.5.2  Summary of Simulation Results 
The quantum dynamics simulations have been carried out by our theoretical 
collaborator, D. H. Santamore, as part of her Ph.D. research. Detailed simulation results 
as well as in-depth discussions about the theoretical principle can be found in her thesis20. 
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Briefly, the trajectory can be obtained by quantum state diffusion method30 to get 
stochastic motion of an individual quantum system in a possible single run of experiment. 
Discreteness in † ( )a a t< >  following one trajectory can be seen, with proper choice of 
parameters. The jumps become more pronounced as one increases the measurement 
strength relative to the thermal coupling. Over a long period of time, the state settles 
down to a given number state in the limit that there is no thermal coupling. 
 
6.6  Next Generation Device Design  
When the device used in this experiment is cooled down to 100 mK, which is 
accessible through the use of a dilution refrigerator, the thermal occupation number, 
defined as 0/Bk T ω? , for the signal resonator is about 20. This can be even smaller by 
increasing the frequency of the signal resonator. So far, it has been demonstrated that 
resonators of this kind can go beyond 1 GHz.8 It is also quite plausible to go to 3 GHz, so 
as to access a regime of 0/ 1Bk T ω <?  at 100 mK. 
 Another fabrication parameter that needs to be tuned is the width of the beams. 
Reducing the width and length at the same time, but keeping the resonance frequency 
unchanged, will give a larger aspect ratio, smaller spring constant in the design, thus 
better responsivity. The feature size of the 1GHz resonator achieved so far still have a 
feature size slightly over 100 nm. It is certainly within our fabrication capability to 
reduce the width of the beam to few nanometers, either by state-of-the-art top-down e-
beam lithography, or by bottom-up nanowire imprinting31. 
In order to approach single quanta sensitivity, we’ll need to optimise the device 
geometry for both the signal resonator and the probe resonator. 
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For signal resonator, maintaining the same signal resonance frequency, but 
shrinking the signal resonator to smaller feature sizes would allow us to use larger aspect 
ratio resonator beams. Such beams has smaller mass, smaller spring constant and thus 
better responsivity, namely, the quantum fluctuations become larger.  
For probe resonator, based on the principle of frequency tuning by applying 
tensile stress32, we know that 
  
2
2b b
a
b b
f lx
f t
 ∆ ∝ ∆ ⋅  
 ,      (6.6) 
thus a certain level of detection sensitivity in b
b
f
f
∆  would correspond to a smaller 2ax∆ , 
for a probe beam with larger aspect ratio. A specific example of future device geometry is 
analysed, and listed in Table 6.1 to compare with the prototype device used in this 
experiment.  
 Through this comparison, we can see that, by improving various aspects of the 
readout architecture, single quanta sensitivity may be attainable. 
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 This Experiment Next Generation 
Device 
Experimental 
Condition 
T  4.2 K 100 mK 
w 200 nm 10 nm 
t 140 nm 10 nm 
al  4 µm  1 µm  
 
Device Geometry 
bl  9 µm  9 µm  
SQL for position 1/ 22
SQLx  15 fm 0.5 pm 
min
b
b
f
f
∆  
62.5 10−×  
Corresponding 
2 1/ 2
ax< >  
10 pm 0.5 pm 
Detection 
Sensitivity 
Corresponding  
number of quanta 
55 10×  ~ 1 
 
 
Table 6.1 Comparison between this experiment on the prototype device and a future 
experiment based on a next generation scaled-down device design. By improving various 
aspects of the readout architecture, single quanta sensitivity may be attainable. 
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6.7  Quantum Instrumentation 
This chapter has analysed one of the possible schemes to get to quantum 
measurement in mechanics. Other approaches are possible. The Cleland group at UCSB 
has recently demonstrated an SET-based displacement sensor which is about a factor of 
100 away from the standard quantum limit11. Also, Cooper pair box based displacement 
sensing is being analysed and attempted, led by Schwab’s group at NSA and University 
of Maryland9. The field of Quantum Electro Mechanics is only at its beginning. It 
remains to be explored how different amplifier designs, such as SQUID based rf-
amplifiers33, mechanical parametric amplifiers34,35, may help researchers in the endeavour 
for putting quantum into mechanics10. 
 
 
6.8  Conclusions 
The scheme described here may be capable of resolving quantum jumps in 
nanomechanical systems.  Interesting applications may become possible with this kind of 
device, such as potential single spin detector. Systematic studies and prototyping will 
pave the way towards realizing such tantalizing applications promised by future forms of 
such devices.  
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Appendix A.1* 
 
Monocrystalline Silicon Carbide 
Nanoelectromechanical Systems 
 
 
 
SiC is an extremely promising material for nanoelectromechanical systems given its 
large Young’s modulus and robust surface properties. We have patterned 
nanometer scale electromechanical resonators from single-crystal 3C-SiC layers 
grown epitaxially upon Si substrates. A surface nanomachining process is described 
that involves electron beam lithography followed by dry anisotropic and selective 
electron cyclotron resonance plasma etching steps. Measurements on a 
representative family of the resulting devices demonstrate that, for a given 
geometry, nanometer-scale SiC resonators are capable of yielding substantially 
higher frequencies than GaAs and Si resonators.  
© 2001 American Institute of Physics.  [DOI: 10.1063/1.1338959] 
 
 
 
                                                 
* This section has been published as: Y. T. Yang, K. L. Ekinci, X. M. H. Huang, L. M. Schiavone, M. L. 
Roukes, C. A. Zorman & M. Mehregany, Appl. Phys. Lett. 78, 162-164 (2001). 
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Silicon carbide is an important semiconductor for high temperature electronics 
due to its large band gap, high breakdown field, and high thermal conductivity. Its 
excellent mechanical and chemical properties have also made this material a natural 
candidate for microsensor and microactuator applications in microelectromechanical 
systems (MEMS)1. 
Recently, there has been a great deal of interest in the fabrication and 
measurement of semiconductor devices with fundamental mechanical resonance 
frequencies reaching into the microwave bands. Among technological applications 
envisioned for these nanoelectromechanical systems (NEMS) are ultrafast, high-
resolution actuators and sensors, and high frequency signal processing components and 
systems2. From the point of view of fundamental science, NEMS also offer intriguing 
potential for accessing regimes of quantum phenomena and for sensing at the quantum 
limit. 
SiC is an excellent material for high frequency NEMS for two important reasons. 
First, the ratio of its Young’s modulus, E, to mass density, ρ, is significantly higher than 
for other semiconducting materials commonly used for electromechanical devices, e.g., 
Si and GaAs. Flexural mechanical resonance frequencies for beams directly depend upon 
the ratio /E ρ . The goal of attaining extremely high fundamental resonance 
frequencies in NEMS, while simultaneously preserving small force constants necessary 
for high sensitivity, requires pushing against the ultimate resolution limits of lithography 
and nanofabrication processes. SiC, given its larger /E ρ , yields devices that operate at 
significantly higher frequencies for a given geometry, than otherwise possible using 
conventional materials. Second, SiC possesses excellent chemical stability3. This makes 
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surface treatments an option for higher quality factors (Q factor) of resonance. It has been 
argued that for NEMS the Q factor is governed by surface defects and depends on the 
device surface-to-volume ratio2. 
Micron-scale SiC MEMS structures have been fabricated using both bulk and 
surface micromachining techniques. Bulk micromachined 3C-SiC diaphragms, cantilever 
beams, and torsional structures have been fabricated directly on Si substrates using a 
combination of 3C-SiC growth processes and conventional Si bulk micromachining 
techniques in aqueous KOH4 and TMAH solutions5. Surface micromachined SiC devices 
have primarily been fabricated from polycrystalline 3C-SiC (poly-SiC) thin films 
deposited directly onto silicon dioxide sacrificial layers, patterned using reactive ion 
etching, and released by timed etching in aqueous hydrofluoric acid solutions6. Single 
crystal 3C-SiC surface micromachined structures have been fabricated in a similar way 
from 3C-SiC-on-SiO2 substrates created using wafer bonding techniques7. We have 
developed an alternative approach for nanometer-scale single crystal, 3C-SiC layers that 
is not based upon wet chemical etching and/or wafer bonding. Especially noteworthy is 
that our final suspension step in the surface nanomachining process is performed by using 
a dry etch process. This avoids potential damage due to surface tension encountered in 
wet etch processes, and circumvents the need for critical point drying when defining 
large, mechanically compliant devices. We first describe the method we developed for 
fabrication of suspended SiC structures, then demonstrate the high frequency 
performance attained from doubly clamped beams read out using magnetomotive 
detection. 
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The starting material for device fabrication is a 259 nm thick single crystalline 
3C-SiC film heteroepitaxially grown on a 100 mm diameter (100) Si wafer. 3C-SiC 
epitaxy is performed in a rf induction-heated reactor using a two-step, carbonization-
based atmospheric pressure chemical vapor deposition (APCVD) process detailed 
elsewhere8. Silane and propane are used as process gases and hydrogen is used as the 
carrier gas. Epitaxial growth is performed at a susceptor temperature of about 1330°C. 
3C-SiC films grown using this process have a uniform (100) orientation across each 
wafer, as indicated by x-ray diffraction. Transmission electron microscopy and selective 
area diffraction analysis indicates that the films are single crystalline. The microstructure 
is typical of epitaxial 3C-SiC films grown on Si substrates, with the largest density of 
defects found near the SiC/Si interface, which decreases with increasing film thickness. A 
unique property of these films is that the 3C-SiC/Si interface is absent of voids, a 
characteristic not commonly reported for 3C-SiC films grown by APCVD. 
Fabrication begins by defining large area contact pads by optical lithography. A 
60 nm thick layer of Cr is then evaporated and, subsequently, standard lift-off is carried 
out with acetone. Samples are then coated with a bilayer polymethylmethacrylate 
(PMMA) resist prior to patterning by electron beam lithography. After resist exposure 
and development, 30–60 nm of Cr is evaporated on the samples, followed by lift-off in 
acetone. The pattern in the Cr metal mask is then transferred to the 3C-SiC beneath it by 
anisotropic electron cyclotron resonance (ECR) plasma etching. We use a plasma of NF3, 
O2, and Ar at a pressure of 3 mTorr with respective flow rates of 10, 5, 10 sccm, and a 
microwave power of 300 W. The acceleration dc bias is 250 V. The etch rate under 
these conditions is ~65 nm/min. 
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The vertically etched structures are then released by controlled local etching of 
the Si substrate using a selective isotropic ECR etch for Si. We use a plasma of NF3 and 
Ar at a pressure of 3 mTorr, both flowing at 25 sccm, with a microwave power 300 W, 
and a dc bias of 100 V. We find that NF3 and Ar alone do not etch SiC at a noticeable rate 
under these conditions. The horizontal and vertical etch rates of Si are ~300 nm/min. 
These consistent etch rates enable us to achieve a significant level of control of the 
undercut in the clamp area of the structures. The distance between the suspended 
structure and the substrate can be controlled to within 100 nm. 
After the structures are suspended, the Cr etch mask is removed either by ECR 
etching in an Ar plasma or by a wet Cr photomask etchant (perchloric acid and ceric 
ammonium nitrate). The chemical stability and the mechanical robustness of the 
structures allow us to perform subsequent lithographic fabrication steps for the requisite 
metallization (for magnetomotive transduction) step on the released structures. 
Suspended samples are again coated with bilayer PMMA and after an alignment step, 
patterned by electron beam lithography to define the desired electrodes. The electrode 
structures are completed by thermal evaporation of 5 nm thick Cr and 40 nm thick Au 
films, followed by standard lift-off. Finally, another photolithography step, followed by 
evaporation of 5 nm Cr and 200 nm Au and conventional lift-off, is performed to define 
large contact pads for wire bonding. Two examples of completed structures, each 
containing a family of doubly clamped SiC beams of various aspect ratios, are shown in 
Fig. A.1.1. 
We have measured the fundamental resonance frequencies of both the in-plane 
and out-of-plane vibrational modes for a family of doubly clamped SiC beams, with 
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rectangular cross section and different aspect ratios (length/width). Samples were glued 
into a chip carrier and electrical connections were provided by Al wirebonds. 
Electromechanical characteristics were measured using the magnetomotive detection 
technique9 from 4.2 to 295 K, in a superconducting solenoid within a variable 
temperature cryostat. The measured fundamental frequencies in this study ranged from 
6.8 to 134 MHz. The quality factors, extracted from the fundamental mode resonances for 
each resonator, range from 103<Q<104. Fig. A.1.2 shows the response of one 
representative beam with dimensions 8 µm (length) × 600 nm (width) × 259 nm 
(thickness). This particular device yields an in-plane resonant frequency of 71.91 MHz 
and a Q ~ 4000 at 20 K. Quality factors at room temperature were typically a factor of 4-
5 smaller than values obtained at low temperature. 
We now demonstrate the benefits of SiC for NEMS, by directly comparing 
frequencies attainable for structures of similar geometry made with SiC, Si, and GaAs. 
The fundamental resonance frequency, f, of a doubly clamped beam of length, L, and 
thickness, t, varies linearly with the geometric factor t/L2 according to the simple relation 
   21.03
E tf
Lρ=  ,      (A.1.1) 
where E is the Young’s modulus and ρ is the mass density. In our devices the resonant 
response is not so simple, as the added mass and stiffness of the metallic electrode 
modify the resonant frequency of the device. This effect becomes particularly significant 
as the beam size shrinks. To separate the primary dependence upon the structural material 
from secondary effects due to electrode loading and stiffness, we employ a simple model 
for the composite vibrating beam10. In general, for a beam comprised of two layers of 
different materials the resonance equation is modified to become 
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Here the indices 1 and 2 refer to the geometric and material properties of the structural 
and electrode layers, respectively. The constant η depends upon mode number and 
boundary conditions; for the fundamental mode of a doubly clamped beam η=3.57. 
Assuming the correction due to the electrode layer (layer 2) is small, we can define a 
correction factor K, to allow direct comparison with the expression for homogeneous 
beam 
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In this expression, I10 is the moment calculated in the absence of the second layer. 
The correction factor K can then be used to obtain a value for the effective geometric 
factor, 2[ / ]efft L , for the measured frequency
11. Further nonlinear correction terms, of 
order higher than 2[ / ]efft L , are expected to appear if the beams are under significant 
tensile or compressive stress. The linear trend of our data, however, indicates that internal 
stress corrections to the frequency are small. 
In Fig. A.1.3, we display the measured resonance frequencies as a function of 
2[ / ]efft L  for beams made of three different materials: GaAs, Si and SiC
12. The lines in 
this logarithmic plot represent least squares fits to the data assuming unity slope. From 
these we can deduce the effective values of the parameter, /Eυ ρ= , which is similar 
(but not identical) to the velocity of sound for the three materials13. The numerical values 
obtained by this process are υ (SiC)=1.5×104 m/s,14  υ (Si)=8.4×103 m/s,15 and υ  
 113
(GaAs)=4.4 ×103 m/s.16 These are quite close to values calculated from data found in the 
literature: υ (SiC)=1.2×104 m/s,14 υ (Si) =7.5×103 m/s,15 and υ (GaAs)=4.0×103 m/s,16 
respectively. The small discrepancies are consistent with our uncertainties in determining 
both the exact device geometries and the precise perturbation of the mechanical response 
arising from the metallic electrodes. Nonetheless, SiC very clearly exhibits the highest 
/E ρ  ratio.15 
In conclusion, we report a simple method for fabricating nanomechanical devices 
from single-crystal 3C-SiC materials. We demonstrate patterning mechanical resonators 
using a single metal mask, and just two steps of ECR etching. Our results illustrate that 
SiC is an ideal semiconductor with great promise for device applications requiring high 
frequency mechanical response. 
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Figure A.1.1 Doubly clamped SiC beams patterned from a 259 nm thick epilayer. (left) 
Top view of a family of 150 nm wide beams, having lengths from 2 to 8 µm. (right) Side 
view of a family of 600 nm wide beams, with lengths ranging from 8 to 17 µm. 
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Figure A.1.2 Representative data; a SiC doubly clamped beam resonating at 71.91 
MHz, with quality factor Q ~ 4000. The family of resonance curves are taken at various 
magnetic fields; the inset shows the characteristic B2 dependence expected from 
magnetomotive detection. For clarity of presentation here the data is normalized to 
response at zero magnetic field, with the electrode’s dc magnetoresistance shift 
subtracted from the data; these provide an approximate means for separating the 
electromechanical response from the that of the passive measurement circuitry. 
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Figure A.1.3 Frequency vs. effective geometry for three families of doubly clamped 
beams made from single-crystal SiC, Si, and GaAs. All devices are patterned to have the 
long axis of the device along <100>. Ordinates are normalized to remove the effect of 
additional stiffness and mass loading from electrode metallization. The solid lines are 
least squares fits assuming unity slope, and yield values of the parameter /Eυ ρ=  that 
closely match expected values. 
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Appendix A.2* 
 
Balanced Electronic Detection of 
Displacement in 
Nanoelectromechanical Systems 
 
 
 
We describe a broadband radio frequency balanced bridge technique for electronic 
detection of displacement in nanoelectromechanical systems (NEMS). With its two-
port actuation-detection configuration, this approach generates a background-
nulled electromotive force in a dc magnetic field that is proportional to the 
displacement of the NEMS resonator. We demonstrate the effectiveness of the 
technique by detecting small impedance changes originating from NEMS 
electromechanical resonances that are accompanied by large static background 
impedances at very high frequencies. This technique allows the study of important 
experimental systems such as doped semiconductor NEMS and may provide 
benefits to other high frequency displacement transduction circuits.  
© 2002 American Institute of Physics. [DOI: 10.1063/1.1507833] 
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The recent efforts to scale microelectromechanical systems (MEMS) down to the 
submicron domain1 have opened up an active research field. The resulting 
nanoelectromechanical systems (NEMS) with fundamental mechanical resonance 
frequencies reaching into the microwave bands are suitable for a number of important 
technological applications. Experimentally, they offer potential for accessing interesting 
phonon mediated processes and the quantum behavior of mesoscopic mechanical 
systems. 
Among the most needed elements for developing NEMS based technologies—as 
well as for accessing interesting experimental regimes—are broadband, on-chip 
transduction methods sensitive to subnanometer displacements. While displacement 
detection at the scale of MEMS has been successfully realized using magnetic2, 
electrostatic3,4 and piezoresistive5 transducers through electronic coupling, most of these 
techniques become insensitive at the submicron scales. Moreover, the attractive 
electronic two-port actuation-detection configuration of most MEMS devices becomes 
hard to realize at the scale of NEMS, due to the unavoidable stray couplings encountered 
with the reduced dimensions of NEMS. 
An on-chip displacement transduction scheme that scales well into the NEMS 
domain and offers direct electronic coupling to the NEMS displacement is 
magnetomotive detection6,7. Magnetomotive reflection measurements as shown 
schematically8 in Fig. A.2.1a have been used extensively6,7,9. Here, the NEMS resonator 
is modeled as a parallel RLC network with a mechanical impedance, ( )mZ ω , a two-
terminal dc coupling resistance, eR , and mechanical resonance frequency, 0ω . When 
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driven at ω  by a source with impedance sR , the voltage on the load, LR , can be 
approximated as 
( )0
( ) ( )( ) ( ) ( )
( )
e m e m
in in
L e m L e
R Z R ZV V V
R R Z R R
ω ωω ω ωω
+ += ≅+ + +  .  (A.2.1) 
Here, 50L sR R= = Ω . We have made the approximation that | ( ) |e mR Z ω>> , as is the 
case in most experimental systems. Apparently, the measured electromotive force (EMF) 
due to the NEMS displacement proportional to ( )mZ ω  is embedded in a background 
close to the drive voltage amplitude10. This facilitates the definition of a useful parameter 
at 0ω ω= , the detection efficiency, S/B, as the ratio of the signal voltage to the 
background. For the reflective, one-port magnetomotive measurement of Fig. A.2.1a, 
0/ ( ) / /m e m eS B Z R R Rω= = , indicating some shortcomings. First, detection of the EMF 
becomes extremely challenging, when e mR R? , i.e., in unmetallized NEMS devices or 
metallized high frequency NEMS (small mR ). Second, the voltage background prohibits 
the use of the full dynamic range of the detection electronics. As mentioned above, a two-
port actuation-detection configuration cannot remedy these problems due to the stray 
electronic coupling between the ports11. 
The balanced circuit shown in Fig. A.2.1b with a NEMS resonator on one side of 
the bridge and a matching resistor of resistance, eR R R= + ∆  on the other side, is 
designed to improve S/B. The voltage, 0 ( )V ω  at the readout (RO) port is nulled for 
0ω ω≠ , by applying two 180° out of phase voltages to the Drive 1 (D1) and Drive 2 (D2) 
ports in the circuit. We have found that the circuit can be balanced with exquisite 
sensitivity, by fabricating two identical doubly clamped beam resonators on either side of 
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the balance point (RO), instead of a resonator and a matching resistor, as shown in Fig. 
A.2.1c. In such devices, we almost always obtained two well-separated mechanical 
resonances, one from each beam resonator, with 2 1| | /i iQω ω ω− >> , where iω  and iQ  are 
the resonance frequency and the quality factor of resonance of the resonators (i=1,2) (see 
Fig. A.2.3). This indicates that in the vicinity of either mechanical resonance, the system 
is well described by the mechanical resonator-matching resistor model of Fig. A.2.1b. 
We attribute this behavior to the high Q factors ( 310Q ≥ ) and the extreme sensitivity of 
the resonance frequencies to local variations of parameters during the fabrication process. 
First, to clearly assess the improvements, we compared reflection and balanced 
bridge measurements of the fundamental flexural resonances of doubly clamped beams 
patterned from n+  (B-doped) Si as well as from n+  (Si-doped) GaAs. Electronic 
detection of mechanical resonances of these types of NEMS resonators have proven to be 
challenging12, since for these systems 2eR k≥ Ω  and m eR R≤ . Nonetheless, with the 
bridge technique we have detected fundamental flexural resonances in the 10 MHz<f 0 
<85 MHz range for n+  Si resonators and in the 7 MHz <f 0<35 MHz range for n+  GaAs 
beams. In all our measurements, the paradigm that m eR R?  remained true as 10mR ≤ Ω  
and 2 20ek R kΩ < < Ω . Here, we focus on our results from n+  Si beams. These were 
fabricated from a B-doped Si on insulator wafer, with Si layer and buried oxide layer 
thicknesses of 350 and 400 nm, respectively. The doping was done at 950°C. The dopant 
concentration was estimated as 196 10aN ≈ × cm-3  from the sample sheet resistance, 
60R ≈ Ω? .13 The fabrication of the actual devices involved optical lithography, electron 
beam lithography, and lift-off steps followed by anisotropic electron cyclotron resonance 
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plasma and selective HF wet etches7,9,12. The electromechanical response of the bridge 
was measured in a magnetic field generated by a superconducting solenoid. Fig. A.2.2a 
shows the response of a device with dimensions 15 µm (L) × 500 nm (w) × 350 nm (t) 
and with 2.14eR k≈ Ω , measured in the reflection (upper curves) And bridge 
configurations for several magnetic field strengths. The device has an in plane flexural 
resonance at 25.598 MHz with a 43 10Q ≈ ×  at 20T ≈ K. With 10R∆ ≈ Ω  a background 
reduction of a factor of ~ 200 ~ /eR R∆  was obtained in the bridge measurements (see 
analysis below). Fig. A.2.2b shows a measurement of the broadband transfer functions 
for both configurations for comparable drives at zero magnetic field. Notice the dynamic 
background reduction in the relevant frequency range. 
Bridge measurements also provided benefits in the detection of electromechanical 
resonances from metallized VHF NEMS. These systems generally possess high eR  and 
mR  diminishes quickly as the resonance frequencies increase. Here, we present from our 
measurements on doubly clamped SiC beams embedded within the bridge configuration. 
These beams were fabricated with top metallization layers using a process described in 
detail9. For such beams with ~ 100eR Ω  and 1mR ≤ Ω , we were able to detect mechanical 
flexural resonances deep into the VHF band. Fig. A.2.3a depicts a data trace of the in 
plane flexural mechanical resonances of two 2µm(L) × 150nm(w) × 80nm(t) doubly 
clamped SiC beams. Two well-separated resonances are extremely prominent at 198.00 
and 199.45 MHz, respectively, with Q ~103 at T~4.2 K. The broadband response from 
the same device is plotted in Fig. A.2.3b. A reflection measurement in the vicinity of the 
mechanical resonance frequency of this system would give rise to an estimated 
 123
background on the order, 0| / |~ 20inV V − dB (Ref. 10), making the detection of the 
resonance extremely challenging. 
Fig. A.2.1b depicts our analysis of the bridge circuit. The voltage at point RO in 
the circuit can be determined as14 
( )[ ( )]( )
( ( ) )(1 / ) (2 / )
( ) [ ( )]
( )
in m
m e L e e L
in
m
eq
V R ZV
Z R R R R R R
V R Z
Z
ω ωω ω
ω ωω
∆ += − + ∆ + + +
= − ∆ +′
   (A.2.2)  
by analogy to Eq. (A.2.1). At 0ω ω= , / /mS B R R= ∆ . Given that R∆  is small, the the 
background is suppressed by a factor of order /eR R∆ , as compared to the one-port case 
[Fig. A.2.2a]. At higher frequencies, however, the circuit model becomes imprecise as is 
evident from the measurements of the transfer function. Capacitive coupling becomes 
dominant between D1, D2, and RO ports as displayed in Fig. A.2.2b, and this acts to 
reduce the overall effectiveness of the technique. With careful design of the circuit layout 
and the bonding pads, such problems can be minimized. Even further signal 
improvements can be obtained by addressing the significant impedance mismatch, 
e LR R? , between the output impedance, eR , and the amplifier input impedance, LR . In 
the measurements displayed in Fig. A.2.2a, this mismatch caused a signal attenuation 
estimated to be of order ~40 dB. 
Our measurements on doped NEMS offer insight into energy dissipation 
mechanisms in NEMS, especially those arising from surfaces and surface adsorbates. In 
the frequency range investigated, 10MHz < f0 < 85MHz, the measured Q factors of 
2.2×104 < Q < 8×104 in n+  Si beams is a factor of 2–5 higher than those obtained from 
metallized beams15. Both metallization layers16 and impurity dopants3 can make an 
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appreciable contribution to the energy dissipation. Our measurements on NEMS seem to 
confirm that metallization overlayers can significantly reduce Q factor. The high Q 
factors attained and the metal free surfaces make doped NEMS excellent tools for the 
investigation of small energy dissipation changes due to surface adsorbates and defects. 
In fact, efficient in situ resistive heating in doped beams through eR  has been shown to 
facilitate thermal annealing17 and desorption of surface adsorbates—yielding even higher 
Q factors. 
In summary, we have developed a broadband, balanced radio frequency bridge 
technique for detection of small NEMS displacements. This technique may prove useful 
for other high frequency high impedance applications such as piezoresistive displacement 
detection. The technique, with its advantages, has enabled electronic measurements of 
NEMS resonances otherwise essentially unmeasurable. 
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Figure A.2.1 a, Schematic diagram for the magnetomotive reflection mesurement. In 
both reflection and bridges measurements, a network analyzer (NA) supplies the drive 
voltage, Vin . In reflection measurement, a directional coupler (DC) is implemented to 
access the reflected signal from the device.  b, Schematic diagram for the magnetomotive 
bridge measurement. Vin is split into two out of phase components by a power splitter 
(PS) before it is applied to ports D1 and D2. c, Scanning electron micrograph of a 
representative bridge device, made out of an epitaxially grown wafer with 50 nm thick 
n+  GaAs and 100 nm thick intrinsic GaAs structural layers on top of a 1 µm thick 
AlGaAs sacrificial layer. The doubly clamped beams with dimensions of 8 µm(L) × 
150nm(w) × 500 nm(t) at the two arms of the bridge have in plane fundamental flexural 
mechanical resonances at ~35 MHz. D1, D2, and RO ports on the device are as shown. 
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Figure A.2.2 a, Data from a doubly clamped, n+  Si beam resonating at 25.598 MHz 
with a 43 10Q ≈ ×  measured in reflection (upper curves) and in bridge configurations for 
magnetic field strengths of B = 0,2,4,6 T. The drive voltages are equal. The background is 
reduced by a factor of ~200 in the bridge measurements. The phase of the resonance in 
the bridge measurements can be shifted 180° with respect to the drive signal (see Fig. 
A.2.3). b, The amplitude of the broadband transfer functions, 0( ) ( ) / ( )inH V Vω ω ω=  for 
both configurations. The data indicate a background reduction of at least 20 dB and 
capacitive coupling between the actuation–detection ports in the bridge circuit. 
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Figure A.2.3 Narrow band (a) and broadband (b) transfer function (S21) amplitudes from 
metallized SiC beams in bridge configuration. a, The narrowband response is measured 
for different magnetic field strengths of B=2,4,6,8 T and shows two well-separated 
resonances at 198.00 and 199.45 MHz, respectively, with Q~103. b, The broadband 
response at B=0 T shows the significant background nulling attainable in bridge 
measurements. We estimate that a reflection measurement on this system would produce 
0| / |~ 20inV V − dB for 0ω ω≈ . 
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Appendix A.3* 
 
Two-Dimensional Electron-Gas 
Actuation and Transduction for GaAs 
Nanoelectromechanical Systems 
 
 
 
We have fabricated doubly clamped beams from GaAs/AlGaAs quantum-well 
heterostructures containing a high-mobility two-dimensional electron gas (2DEG). 
Applying an rf drive to in-plane side gates excites the beam’s mechanical resonance 
through a dipole–dipole mechanism. Sensitive high-frequency displacement 
transduction is achieved by measuring the ac emf developed across the 2DEG in the 
presence of a constant dc sense current. The high mobility of the incorporated 
2DEG provides low-noise, low-power, and high-gain electromechanical 
displacement sensing through combined piezoelectric and piezoresistive 
mechanisms.   
© 2002 American Institute of Physics. [DOI: 10.1063/1.1516237] 
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Thin, suspended two-dimensional electron gas (2DEG) heterostructures have been 
recently perfected, and have subsequently been employed for nanoscale conducting 
devices1,2. In this letter, we present a high-resolution displacement readout that is based 
upon our ability to achieve very high mobility suspended quantum wires. Molecular 
beam epitaxial (MBE) grown materials are directly patterned and in-plane gates are used 
to excite the vibration. No metallization is needed, hence high Q values can be obtained. 
The starting material was a specially designed, MBE grown, 2DEG 
heterostructure similar to that used in Ref. 1. The structural layer stack comprises seven 
individual layers having a total thickness of 115 nm. The top and bottom are thin GaAs 
cap layers preventing oxidation of the Al0.3Ga0.7As:Si donor layers in between. The 
central 10 nm thick GaAs layer forms a quantum well sustaining a high mobility 2DEG 
located 37 nm below the top surface and surrounded by two AlGaAs spacer layers. 
Below the structural layer stack is a 400 nm Al0.8Ga0.2As sacrificial layer. The structure 
was intentionally made asymmetric to avoid neutralizing the piezoelectric effect of GaAs. 
After ohmic contacts were deposited, a thick layer of poly-methyl-methacrylate 
(PMMA) is spun on the chip, followed by a single electron-beam lithography step to 
expose trenches in PMMA that isolate the beam from its side gates. PMMA was then 
employed as a direct mask against a low voltage electron cyclotron resonance etch 
performed to further etch the trenches to the sacrificial layer. After stripping off the 
PMMA, final structure relief is achieved by removing the sacrificial layer beneath the 
beams with diluted HF. To minimize the damage to the 2DEG from dry etching, a Cl2 
/He plasma was chosen because of its excellent etching characteristics, such as smooth 
surface morphology and vertical sidewall. A stable etching speed at 35Å /s is obtained 
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under conditions of less than 150 V self-bias (20 W constant rf power), Cl2 and He flow 
rate ratio 1:9, 3 mTorr pressure, and 300 W microwave power. With the same method, 
we have also fabricated suspended Hall bars and extensively characterized the resulting 
suspended 2DEG. Before processing, the initial mobility and density after illumination 
are 5.1×105 cm2/Vs, 1.26×1012 cm-2, respectively. With our improved low damage 
etching, the mobility can be maintained at 2.0×105 cm2/Vs, while the electron density is 
somewhat reduced to 4.5×1011 cm-2. We observed well-developed quantum Hall plateaus 
in the etched structure even with channel width as small as 0.35 µm. In longitudinal 
resistance measurements, we detected a low field maximum, corresponding to maximal 
boundary scattering when the electron cyclotron motion diameter matches the electrical 
width of the suspended wire3. From the position of this peak, we are able to deduce the 
depletion to be 0.1 µm on each side of the wire. We also confirmed ballistic behavior of 
electrons from transport measurement on the Hall cross-junction. Both ‘‘last Hall 
plateau’’ and ‘‘negative bend resistance’’4 are present in all of the devices. The transport 
mean free path was found to be approximately 2 µm. 
A typical device is shown in Fig. A.3.1. The beams are 0.5 µm wide and 6 µm 
long, having a calculated spring constant of 0.25 N/m. When cooled to liquid helium 
temperature, their two-terminal resistance is about 100 kΩ . After illumination, this drops 
to about 5 kΩ  (including contact and lead resistances). The electrical width of the beam 
is about 0.3 µm with 170R = Ω? . 
In nanoelectromechanical system (NEMS), both the induction and the detection of 
motion pose important challenges. In our devices, the actuation is relatively trivial and 
very effective. The rf drive is supplied directly to one of the side gates, which is a large 
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area of 2DEG connected to the output of a network analyzer through alloyed ohmic 
contact. All the trenches have a width of 0.5 µm. The devices are first measured at 4.2 K 
in vacuum. A constant dc sensing current ranging from 0 to 26 µA is supplied to the 
vibrating beam through a 10 mH rf choke, whose value is chosen large enough to avoid 
loss of the small signal that is induced. The oscillatory signal is picked up by a low 
temperature amplifier placed in close proximity to the device. Before connecting the 
signal to the input of the network analyzer, a room temperature amplifier is used to 
improve signal-to-noise ratio. The combined amplifiers have a voltage gain of about 200 
in the frequency range of these experiments. 
We observed a very strong signal around the first mechanical resonance. The 
magnitude response curves at various driving amplitudes are shown in Fig. A.3.2a. 
Calculations confirm this resonance corresponds to the first out-of-plane vibrational 
mode. When the drive amplitude is increased above 45 mV, the response curve becomes 
nonlinear and assumes an asymmetric shape. In the linear response region, the amplitude 
at resonance is proportional to the ac gate voltage amplitude. 
To clarify the origin of the observed signal, we fixed the drive at 10 mV and then 
varied the dc bias current from 26−  µA to 0 and then to 26 µA. The response amplitude 
versus drive amplitude at resonance is presented in Fig. A.3.2b. Two features are evident 
from this data. First, at the highest currents close to 20 µA, the signal becomes saturated 
for two reasons: (a) Joule heating of the small beam, and (b), saturation of the drift 
velocity at high applied electrical fields (~15 kV/m). Second, at intermediate current the 
signal strength at resonance is proportional to the dc bias current, as indicated in the inset 
of Fig. A.3.2b. In addition, when we reverse the current direction, we also find that the 
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induced signal changes its sign (180° phase change). Therefore, we conclude that the 
dominant contribution to the observed signal is a change of resistance due to beam 
vibration. This appears to originate from both piezoresistive effect of bulk GaAs and 
transverse piezoelectric charge gating of 2DEG. Note that a small signal is observed even 
for zero current bias. From the slope of the linear part in the inset of Fig. A.3.2b, a 
nominal drive of 10 mV induces a resistance change of about 10 Ω  in the device. 
We now estimate the sensitivity of this technique. By looking at the critical 
amplitude at the onset of nonlinearity, we can determine the amplitude of vibration of the 
resonating beam. This critical displacement amplitude depends only on the geometry of 
the beam, and is approximately given as5 2~ (2 ) / 0.5 (1 )cx h Q ν− , where h is the 
thickness of the beam in the vibration direction, and ν  is Poisson’s ratio for GaAs. 
Plugging in measured values of Q=2600 and ν =0.31, we obtain cx =6 nm, which is 
attained at a drive level of about 45 mV. The minimum resolvable signal is achieved at 
0.1 mV drive and about 5 µA sensing current. Hence, at the highest possible current of 20 
µA, we can detect a resonance at cx /450/4=0.03 Å, or 33 10−× Å / Hz , which is 
consistent with our estimate based on Johnson noise from beam resistance at 4.2 K. The 
corresponding force sensitivity is 75 fN / Hz , comparable with previous schemes to 
detect small NEMS resonators by optical interferometry6 and the magnetomotive 
method7. The required force to drive the beam to the nonlinearity threshold is 1.5 nN. The 
displacement resolution can be improved by using 2DEG heterostructures with even 
higher mobility, or by operating at ~100 mK with a state-of-the-art low temperature 
preamplifier. 
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Note that in Fig. A.3.2, all the driving force results from the applied ac gate 
voltage. We did not find any significant change of resonant frequency or magnitude with 
dc bias on the gate. This is indicative of a coupling mechanism different from 
electrostatic force between the gates and the beam. Electrostatic force is proportional to 
the product of dc and ac components of gate potential so that the response should directly 
scale with the dc gate voltage8. This assumes a direct Coulomb interaction between 
coupling plates. In our inplane-gate configuration, the net charge on the beam is 
(0)( )i tg gC V e
ωυ+ . The capacitance between coplanar 2DEG areas has an estimated value 
of 18 aF/µm,9 which is very small compared to parallel plates. With a nominal 1 V dc 
gate voltage, there are only a few hundred induced electron charges on the beam. The 
upper bound of the electric field applied on the gate is (0)( ) /i tg gV e d
ωυ+ , d is the beam–
gate separation (Fig. A.3.3). Thus, the total electrostatic force applied on the beam with 
angular frequency ω  is (0) /i tg gf CV e dωυ= . Only a projection of this force drives the 
beam along the out-of-plane (y) direction. A reasonable estimate of the effective y-
component of this force is 
(0) 2
0 /
i t
y g gf CV V e y d
ω= ,                                                           (A.3.1) 
where 0y  is a static offset due to, for example, uncontrolled asymmetry of suspended 
beam. A 10 nm misalignment of the beam with respect to gate should be observable in 
our devices (but is not seen). Therefore, we take this number as the upper limit in our 
estimation of 0y . At a nominal 1 V dc gate voltage, 45 mV ac gate voltage, the force 
originating from the electrostatic drive mechanism is calculated to be 0.2yf pN≈ . This 
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is four orders of magnitude smaller than the force required to drive the beam into 
nonlinear response. 
Given the absence of direct electrostatic forces, we propose a new driving 
mechanism, a short-range dipole-dipole interaction. This dipole–dipole interaction 
potential can be expressed as ∫= 3 12
04
1
r
dppU πε , which can be understood as rf coupling 
between two dipole moments 1dp  and 2p . Here 1dp  is the dipole momentum of a slice of 
the gate, 1 0
i t
r gdp LV e dr
ωε ε= , and 2p  is the fixed dipole moment due to the piezoelectric 
effect within the strained beam. y is the beam displacement, LywtEdp A /3
2
2 ∆= , and L, 
w, and t are beam length, width and thickness, respectively (Fig. A.3.3). rε  is dielectric 
constant of GaAs. Here, E ~ 85 Gpa is Young’s modulus and ~ 3.8 /Ad pC N  is the 
piezoelectric constant of AlGaAs.10 The resulting force along y direction is 
( ) 2234 i try A g
U wtf Ed V e
y d
ωε
π
 ∂= =  ∂  
.                        (A.3.2) 
This dynamic force is independent of the dc gate voltage, consistent with our observation. 
After structural relief, the suspended beams are intrinsically stressed due to the 
heterostructure’s asymmetry and other factors. Therefore, a static dipole moment exists 
on the beam and yields the out-of-plane vibration. At 45 mV ac gate voltage drive, yf  is 
estimated to be 1.2 nN from this mechanism, four orders of magnitude higher than the 
direct Coulomb interaction. This is consistent with the force we observe at the onset of 
nonlinearity. Because of its short-range characteristics, this dipole–dipole interaction is 
unique to NEMS and is insignificant in microelectromechanical systems. 
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We have also studied the temperature dependence of our strain sensitive devices. 
Measurements were performed at three different temperatures in vacuum. The results are 
shown in Fig. A.3.4. The devices perform exceptionally well at liquid helium and 
nitrogen temperatures, but at room temperature, the response is diminished. The decay of 
signal strength with temperature can be attributed to the significant reduction of 2DEG 
mobility. At elevated temperature the increased two-terminal beam resistance acts as a 
large voltage divider, and only a small fraction of induced signal voltage is available.  
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Figure A.3.1 a, SEM image of a doubly clamped beam. The in-plane gates are formed 
by the 2DEG. b, Sketch of measurement setup. A constant dc bias current (Ib) is sent 
through a large rf choke (~10 mH). Gate drive voltage consists of both dc and rf 
components: (0) i tg g gV V e
ωυ= + . The induced signal can be expressed as 
(0) ( )i tV V e ω ϕυ += + , where the dc voltage (0) b dcV I R=  is blocked by a capacitor C, and the 
oscillating component is amplified. 
a 
b 
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Figure A.3.2 a, Voltage drop across the beam as it is driven to its lowest mechanical 
resonance with increasing drive amplitudes. The dc bias current is fixed at 5 µA. Inset: 
The peak response as a function of driving amplitude in the linear regime. b, Magnitude 
response vs. dc bias current. Inset: The signal amplitude at resonance with sensing 
current increased from −26 to 26 µA. 
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Figure A.3.3 A cross-sectional schematic of the dipolar actuation mechanism, showing 
dipole formation on the beam ( 1p ) and on the driving gate ( 2dp ). 
 
Figure A.3.4 Response curve at three different temperatures. Inset: Sketch of amplitude 
and frequency change with increasing temperature. 
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Appendix A.4* 
 
Nanowire-Based  
Very-High-Frequency 
Electromechanical Resonator 
 
 
 
Fabrication and readout of devices with progressively smaller size, ultimately down 
to the molecular scale, is critical for the development of very-high-frequency 
nanoelectromechanical systems (NEMS). Nanomaterials, such as carbon nanotubes 
or nanowires, offer immense prospects as active elements for these applications. We 
report the fabrication and measurement of a platinum nanowire resonator, 43 nm in 
diameter and 1.3 µm in length. This device, among the smallest NEMS reported, has 
a fundamental vibration frequency of 105.3 MHz, with a quality factor of 8500 at 4 
K. Its resonant motion is transduced by a technique that is well suited to ultrasmall 
mechanical structures. 
© 2003 American Institute of Physics. [DOI: 10.1063/1.1601311] 
 
                                                 
* This section has been published as: A. Husain, J. Hone, Henk W. Ch. Postma, X.M.H. Huang, T. 
Drake, M. Barbic, A. Scherer & M. L. Roukes, Appl. Phys. Lett. 83, 1240-1242 (2003). 
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The fabrication and readout of nanometer-scale high frequency resonators has 
recently been a highly active area of research.  Interest in these devices is motivated both 
by their promise as sensors and actuators, and by fundamental interest in mechanical 
functionality at the nanoscale.  To fabricate these nanoelectromechanical systems 
(NEMS), researchers typically employ “top-down” techniques, i.e., high-resolution 
lithography followed by various etching techniques to create freely suspended structures 
from semiconductor materials such as silicon1, silicon carbide2, gallium arsenide3, and 
aluminum nitride4.  Advanced sensing applications require both high responsivity and 
ultrahigh frequency operation – among the most challenging of these are attainment of 
sub-attonewton, high frequency force sensing for magnetic resonance force microscopy5, 
and the study of mechanical motion in the quantum regime6.  For future applications such 
as these, it is desirable to fabricate devices that are as small as possible.  Top-down 
fabrication, however, yields device sizes limited by such factors as the resolution of 
electron-beam lithography, etch roughness, and the synthesis of epitaxially grown 
substrates.  For this and other reasons, there has been significant recent interest in the 
integration of nanoscale materials fabricated by a “bottom-up” approach, e.g., carbon 
nanotubes, semiconductor and metal nanowires.  A wide variety of these nano-materials 
can now be reproducibly produced, with dimensions down to the molecular scale.  
“Hybrid” (bottom-up + top-down) nanoelectronic devices are now widely realized from 
these materials by contacting them via lithographic methods; in this work we describe the 
successful use of this approach to make hybrid nanomechanical devices.  To date, 
difficulties in realizing free suspension of such nanomaterials, compounded with the 
difficulty of detecting the minute motion of small, high-impedance structures have 
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impeded development of hybrid NEMS.  Here we describe the fabrication and readout of 
a very-high-frequency (VHF) device consisting of a single platinum nanowire, which is 
43 nm in diameter and 1.3 µm in length.  We also describe the simple measurement 
scheme employed as its readout, which is well suited to small, high-impedance NEMS 
devices in general.   
Platinum nanowires were synthesized by electrodeposition of Pt into a 
commercially available nanoporous polycarbonate membrane (nominal pore diameter 
20nm)7.  The membrane was then dissolved in chloroform, causing the wires to become 
suspended in solution.  This suspension was then allowed to dry, one drop at a time, upon 
a Si substrate that had been capped by 300-nm-thick layer of thermally grown silicon 
dioxide and pre-patterned with Au alignment marks.  The location of the deposited wires, 
relative to these alignment marks, was mapped in an optical microscope.  (Optical 
imaging of the small wires is straightforward due to their strong light scattering 
properties8,9.)  Metallic leads (5 nm Cr, 50 nm Au) to individual nanowires were 
subsequently patterned by electron beam lithography, evaporation, and lift-off.  Finally, 
the nanowires were suspended above the substrate by etching the SiO2 in hydrofluoric 
acid.  In this step the electrode pattern also serves as a self-aligned mask, thus forming 
the anchor point from which the nanowires are suspended.  Critical point drying 
completed the devices; this circumvented damaging effects of meniscus forces.   
Fig. A.4.1 shows a scanning electron microscope (SEM) image of the device 
whose mechanical response is described below.  The suspended Pt nanowire has a 
diameter of 43 nm and a length of 1.3 µm, with an electrical resistance at 4 K of 454 Ω.  
With a suspended mass of 40 fg and a volume of 1.9 X 10-15 cm3, this device is among 
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the smallest NEMS structures whose motion has been detected directly.  Modeling its 
response as that of an unstrained doubly clamped beam yields a predicted fundamental 
mechanical resonance frequency f0 given by10 
   ρπ
Y
L
Rf 20 22
4.22=  ,     (A.4.1) 
where Y is the Young’s modulus, ρ is the density, R is the beam radius, and L is the beam 
length.  Using the measured dimensions and the bulk values for the Young’s modulus and 
density of Pt (168GPa and 21,090 kg/m3, respectively), Eq. (A.4.1) predicts a 
fundamental frequency of 64MHz.  This is lower than the measured response; possible 
reasons for this are described below. 
Magnetomotive detection, in which an ac current drives a beam in a transverse 
magnetic field, has been employed to successfully actuate and read out NEMS resonators 
at frequencies up to and exceeding 1 GHz.1,11,12 On resonance the device dissipates 
energy from the current supply as it oscillates in the magnetic field; its behavior can be 
modeled as a series combination of the normal electrical resistance Re and a motional 
impedance Zm(f) of what appears as an RLC tank circuit11.  At the resonant frequency f0, 
the magnitude of the motional impedance is given by 
0
22
0 2
)(
mf
QLBRfZ mm π
ξ=≡  ,     (A.4.2)  
where Q is the quality factor, m the mass of the device, and ξ a numerical factor that 
depends on the mode shape (0.83 for the fundamental mode of a doubly clamped beam).   
Typical top-down NEMS devices have Re ~ 10-100 Ω and Rm ~ 1 Ω.  In this case, 
the motional contribution to the overall device impedance at resonance can be relatively 
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easily detected by measuring the reflected RF power1.  Smaller-diameter devices, such as 
the one measured here, will in general have much higher Rm (which can be shown to vary 
as the cube of the aspect ratio), but will also possess higher Re. Their compound effect is 
to make it difficult to match to 50 Ω drive/detection electronics.  A reflection 
measurement will be quite insensitive to the mechanical signal, because nearly all of the 
power is reflected both on and off resonance.  In the case of the present device, for 
example, the 454 Ω electrical impedance would result in a reflectance of 81.78%; and an 
additional motional impedance of 10 Ω (calculated from Eq. (A.4.2), assuming a Q of 
~3000 and B = 8 Tesla) would change the reflectance by only a small amount, to 82.14%.  
Clearly, a transmission measurement is more appropriate for high-impedance devices. 
We have employed a simple scheme, depicted in Fig. A.4.1, to realize 
transmission measurements upon the device, which is located in the vacuum space of a 
magnet cryostat.  RF power is applied at the output of a network analyzer (HP 3577A) 
and fed into the cryostat on coaxial cable to the device.   The transmitted signal is carried 
to a low-noise, room temperature preamplifier providing 62 dB of gain via a second 
coaxial line.  Both the drive and detection lines are terminated with 50 Ω resistors next to 
the sample.  The sample, with its effective impedance ( ) ( )S e mZ f R Z f= + , “bridges” 
these terminated drive and detection lines.  For Zs >> 50 Ω, the termination of the drive 
and detect lines minimizes standing waves.  In this limit, the output voltage at the 
preamplifier is then given by 
   
ssin
out
ZZV
V Ω≈Ω+
Ω≈ 25
25
25
 ,     (A.4.3) 
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where the factor of 25 Ω is due to the 50 Ω termination of the detect line in parallel with 
the 50 Ω input impedance of the preamplifier.  The electromechanical impedance |Zm(f)| 
can easily be extracted by comparing the output signal to the off-resonance background 
signal Vb: 
   
( )m out b
e b
Z f V V
R V
−≅ −  .      (A.4.4)  
 This scheme is of wide applicability to the readout of small-diameter, high-
impedance NEMS devices because the output signal is linear in Rm/Re, and because it 
provides broadband impedance matching, resulting in a smooth background from which 
it is easy to pick out a mechanical resonance peak.  For extremely large device 
impedances, however, the cost of the approach is that it can lead to significant attenuation 
of the signal. 
Fig. A.4.2 shows the measured motional impedance of the nanowire device, 
|Zm(f)|, vs. frequency.  The data are obtained at 4 K in magnetic fields from 1-8 Tesla, 
with a drive signal of 100 µV.  |Zm(f)| shows a peak at 105.3 MHz that increases in height 
with increasing magnetic field, as is expected for a mechanical resonance.  The measured 
resonance frequency is higher than the predicted frequency of 69 MHz.  This is likely due 
to the differential thermal contraction of the beam and the substrate, which should cause 
the beam to be under tension.  Similar effects have been seen in larger metal resonators.  
There is no evidence that fabrication of the nanowire by electrodeposition results in a 
decreased Young’s modulus compared to that of bulk Pt.   
The resonance curves can be fit to a Lorentzian line shape to extract values of f0, 
Rm, and Q.  As shown in the left inset to Fig. A.4.2, the measured Rm scales linearly with 
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the square of the applied magnetic field, consistent with Eq. (A.4.2).  The measured 
quality factor Q of the device, shown in the right inset to Fig. A.4.2, is approximately 
8500, and decreases slightly with increasing magnetic field.  The attainment of high 
quality factors is important for technological applications of NEMS devices, but the 
detailed physics of energy dissipation in these devices is still not well understood.  
Previous studies have shown that quality factors measured for NEMS generally decrease 
with increasing surface area-volume ratio, apparently indicating that surface processes 
contribute strongly to dissipation.  Carr et al.13, for example, measure the quality factors 
of single-crystal silicon beams and find that Q decreases from ~3000 for beams with a 
surface area-volume ratio of 0.02 nm-1 to a value of ~1000 for devices with a ratio of 0.06 
nm-1.  The nanowire device described here possesses a surface area-volume ratio of 0.095 
nm-1 and Q of 8500, and thus has surface-related dissipation comparable to or less than 
that of similar semiconductor structures.   
Several important new applications of NEMS resonators require extremely high 
force sensitivity, which, in turn requires a high compliance, low mass, and large quality 
factor14.  The current device is not optimized for compliance, and yields a fairly stiff 
effective spring constant of ~2.5 N/m.  Nonetheless, its force sensitivity, if limited only 
by thermomechanical noise (i.e., neglecting transducer and amplifier noise), is estimated 
to be ~13 aN/√Hz at 4K.  In the future, this can be greatly enhanced by using more 
compliant nanowires. 
Nonlinear phenomena in NEMS are of interest for a variety of applications, 
including mixing and parametric amplification.  As they can limit dynamic range15, they 
also constitute an increasingly important consideration in compliant devices with smaller 
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dimensions, such as the one described here.  Fig. A.4.3 shows the EMF generated by the 
nanowire (deduced from the measured Re, Rm, and the applied drive voltage) at a series of 
drive amplitudes from 60 µV to 380 µV, in steps of 40µV.  At high oscillation 
amplitudes, the equation of motion for a doubly clamped beam becomes bistable, which 
results in discontinuities in the measured response curve.  For our device, this behavior is 
seen at drive voltages of 260 µV and above:  the amplitude of oscillation increases as the 
frequency is swept upward, and then suddenly jumps to a lower value.  The inset to Fig. 
A.4.3 shows the response of the resonator as the frequency is swept both upward and 
downward, confirming the expected hysteretic nature of the response curve in the 
nonlinear regime16. 
In the simplest model for the phenomenon, the critical oscillation amplitude xc 
above which bistability occurs is dependent only upon the geometry of the beam17, and is 
given by 
2
2
0.528 (1 )
c
dx
Q ν= −  ,     (A.4.5) 
where d is the diameter of the beam and ν is the Poisson’s ratio of the material.  
Evaluating Eq. (A.4.5) for the present device gives a critical amplitude of 0.98 nm.  As a 
check of our readout method, we can also compare the critical amplitude deduced from 
the measured signal at the onset of nonlinearity.  This method gives 2.6 nm, which is 
reasonable since we expect an over-estimation in the second case due to losses in the 
signal lines.  It is interesting and important to note that for even smaller and more 
compliant resonators, such as those made from carbon nanotubes, the critical amplitude 
will be in the sub-nm range.  Hence we anticipate that detecting the motion of nanowire 
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and nanotube devices, while remaining within the linear regime, will pose a significant 
and generic challenge for the field of NEMS.  
In conclusion, we have fabricated a NEMS doubly clamped resonator beam from 
a Pt nanowire.  The fundamental mechanical resonance of the nanowire was excited and 
detected using the magnetomotive technique, modified here to improve its application to 
high impedance structures.  The fundamental frequency attained was 105.3MHz, with a 
quality factor of 8500.  This is large compared to other reported resonators with a 
comparable surface area to volume ratio.  At modest drive voltages, the resonator exhibits 
nonlinear, hysteretic behavior. 
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Figure A.4.1 (top) SEM image of the suspended nanowire device, 1.3 µm long and 43 
nm in diameter. (bottom) Measurement circuit used for magnetomotive drive and 
detection. 
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Figure A.4.2 Measured mechanical impedance of the Pt nanowire device as a function 
of frequency, at a series of magnetic fields from 1 to 8 Tesla.  The left inset shows the 
characteristic B2 dependence, characteristic of magnetomotive detection.  The right inset 
shows the quality factor Q as a function of magnetic field.   
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Figure A.4.3 Measured response of the Pt nanowire device, showing the transition to 
the nonlinear regime as the drive voltage is increased from 40 to 400 µV, in steps of 40 
µV.  The inset shows the hysteresis visible upon sweeping up and down in frequency 
(note that the frequency scales are slightly different due to thermal cycling of the device).   
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Appendix A.5* 
 
Ultrasensitive 
Nanoelectromechanical  
Mass Detection 
 
 
 
We describe the application of nanoelectromechanical systems (NEMS) to 
ultrasensitive mass detection.  In these experiments, a modulated flux of atoms was 
adsorbed upon the surface of a 32.8 MHz NEMS resonator within an ultrahigh 
vacuum environment.  The mass-induced resonance frequency shifts by these 
adsorbates were then measured to ascertain a mass sensitivity of 2.5×10-18 g.  In 
these initial measurements, this sensitivity is limited by the noise in the NEMS 
displacement transducer; the ultimate, limits of the technique are set by 
fundamental phase noise processes.  Our results and analysis indicate that mass 
sensing of individual molecules will be realizable with optimized NEMS devices. 
 
 
 
 
                                                 
* Manuscript based on this section, by K. L. Ekinci, X. M. H. Huang & M. L. Roukes, has been submitted 
to Appl. Phys. Lett. (2004). 
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Nanoelectromechanical systems (NEMS) are emerging as strong candidates for a 
host of important applications in semiconductor-based technology and fundamental 
science1. The minuscule active masses of NEMS, in particular, render them extremely 
sensitive to added mass — a crucial attribute for a wide range of sensing applications. 
 Resonant mass sensors with high mass sensitivities have been employed in many 
diverse fields of science and technology.  Among the most sensitive are those based on the 
acoustic vibratory modes of crystals2,3, thin films4 and micron-sized cantilevers5,6,7,8. In all 
of these, the vibratory mass of the resonator, its resonance frequency, and quality factor 
(Q) are central in establishing its mass sensitivity.  In this Letter, we demonstrate 
attogram-scale inertial mass sensing using high-frequency NEMS, and discuss how even 
greater sensitivity will be obtainable with such devices.  This provides a concrete initial 
demonstration of the potential that nanoscale mechanical devices offer for sensing and 
ultimately weighing individual molecules.  
These initial experiments were carried out in an ultrahigh vacuum (UHV) 
environment within the apparatus depicted in Fig. A.5.1a.  This system allows the 
operation of a NEMS resonator (transduced magnetomotively9) while a pulsed, weak flux 
of Au atoms is directed upon it.  The Au atoms are generated by a thermal evaporation 
source and travel ballistically towards the NEMS within the apparatus.  The mass flux, F, 
of the evaporator is measured by a calibrated quartz crystal monitor and modulated by a 
shutter; both are in the vicinity of the evaporator.  The resonator temperature is regulated 
at T≈17 K, both to ensure unity adsorbate sticking probability10 and to allow careful 
monitoring of the resonator temperature fluctuations (see Fig. A.5.3). Then, with 
knowledge of the exposed NEMS surface area, S, (determined from careful scanning 
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electron microscopy measurements) we can determine the exact mass11 of the adsorbed 
Au atoms on the NEMS as ∫≈∆ t NEMSQCM dtrrSFtm
0
2)/()( .  In this system, the geometric 
factor, 32 105)/( −×≈NEMSQCM rr .   
We employed nanomechanical doubly clamped SiC beam resonators such as the 
ones shown in Fig. A.5.1b as the sensor elements in these experiments.  The beams are 
embedded within a radio frequency (RF) bridge configuration, creating a unique two-port 
device12. The fundamental in-plane flexural resonance frequency of one of the resonators 
in the bridge was tracked continuously by the phase-locked loop (PLL) circuit shown 
schematically in Fig. A.5.1c.   The single suspended beam structure of Fig. A.5.1b, labeled 
T on the right, enables four-wire resistance measurements, which provide extremely 
sensitive monitoring of the local temperature of the suspended devices (cf. Fig. A.5.3). 
In Fig. A.5.2, we display the temporal evolution of the fundamental-mode 
resonant frequency of the doubly clamped beam resonator, as it is exposed to a ballistic 
flux of Au atoms.  Adsorption commences when the shutter (see Fig. A.5.1a) is opened 
during specific time intervals — changing the effective resonator mass, Meff.  The mass 
responsivity, effM∂∂=ℜ /0ω  was deduced to be 181056.22/ ×≈ℜ π  Hz/g from a linear 
fit to the data points in the steps of the upper and lower plots, i.e. πω 2/)(0 t∆  vs. ∆m(t) .  
The noise floor of the measurement was determined from the regions of constant 
frequency when the shutter was closed.  For this experiment, a measurement bandwidth 
of ∆f=3 kHz (τ~2ms) yielded a frequency noise floor, 51.62/0 ≈πδω  Hz — 
corresponding to a minimum detectable mass, 1 180 2.5 10Mδ δω− −= ℜ ≈ × g (ref.13).  In 
units of the atomic mass of Au, mAu,  AumM 7400≈δ . 
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We have taken special precautions in these measurements to minimize the thermal 
frequency fluctuations and drifts, given that the NEMS resonator will be exposed to both 
hot incoming atoms and blackbody radiation from the thermal source.  This is of special 
concern here since the thermal resistance — and hence the thermalization rate — 
between a suspended NEMS device and its environment can be exceptionally large14. In 
Fig. A.5.3, we show four-probe electrical measurements of the resistance 
fluctuations, δR/R, of a metallized suspended SiC beam identical in size to NEMS mass 
sensors (see Fig. A.5.1b).  In this measurement, baseline δR/R  was established when the 
shutter was in the closed position, i.e., for 50<t  s.  The device was exposed to Au atom 
fluxes comparable to those employed in the mass sensitivity experiments, when the 
shutter was opened at ≥t 50 s.   δR/R of the metal electrode is converted to temperature 
fluctuations using measured temperature dependence of the four-terminal resistance. 
≈∂∂ TR / 0.05 Ω/K in the vicinity of T≈17 K (Fig. A.5.3 left inset)15. Separate 
measurements of the temperature dependence of the resonance frequency near T≈17 K 
yielded 700
2
1 0 −≈∂
∂
T
ω
π  Hz/K (Fig. A.5.3 right inset). One can then estimate the 
thermally induced frequency fluctuations as 5
2
1
2
1
00 ≤


∂
∂
∂
∂=
−
R
T
R
T
δωππ
δω
 Hz.  The 
frequency fluctuations thus deduced are comparable to our noise floor for zero flux — 
establishing that no significant thermal effects are observable for the very low fluxes 
employed in these experiments.   
We now turn to a noise analysis of our measurements.  In general, resonant mass 
sensing is performed by carefully determining the resonance frequency of the resonator 
and then, by looking for a frequency shift in the steady state due to the added mass.  
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Hence, to determine the mass sensitivity, Mδ , one needs to consider the noise floor for 
frequency measurements, 0δω , since  
0
1
0
0
δωδωωδ
−ℜ=∂
∂≈ effMM  .     (A.5.1)    
For the fundamental mode doubly clamped beam sensors, the effective mass is a fraction 
of the total resonator mass, LtwMM toteff ρ735.0735.0 == .  Here, wtL ××  are the 
beam’s dimensions, and ρ its mass density.  In the limit effMM <<δ , the resonator’s 
characteristics — in particular, its compliance and Q — will be relatively unaffected by 
mass accretion.  In this regime, effM2/0ω=ℜ , and ( ) 00/2 δωωδ effMM ≈ .  An estimate 
for 0δω  can be obtained by integrating the spectral density of the frequency fluctuations, 
)(ωωS , over the effective measurement bandwidth16 ∆f:  
2/1
0 ])([
0
0
∫
∆+
∆−
≈
f
f
dS
πω
πω
ω ωωδω  .     (A.5.2) 
Elsewhere17 we have carefully analyzed the fundamental physical limits to inertial mass 
sensing imposed by the frequency-fluctuation noise 0δω .  This analysis leads to the 
conclusion that in these initial experiments, 0δω  and hence, Mδ  are both limited by the 
measurement electronics, i.e. the transducer, and readout circuitry.  In other words, the 
spectral density of the voltage noise, )(ωVS , at the output will determine the measured 
frequency noise as ( )2//)()( ωωωω ∂∂= VSS V  (ref.18). Here, ω∂∂ /V  is the rate of 
change of the transducer output in the vicinity of the resonance frequency.  We can 
crudely approximate this as 0maxmax /// ωωω QVVV =∆≈∂∂ .  Here, Vmax is the maximal 
 161
response of the transducer (on resonance) and depends upon the drive level.  To 
maximize the signal-to-noise ratio, one applies the largest rms drive level, maxx , 
consistent with producing predominantly linear response.  This, combined with the 
readout transducer responsivity, xVRT ∂∂= /   (with units of V/m) leads to the maximal 
value ( ) 0maxmax // ωω xQRV T≈∂∂ .  Upon expressing )(ωωS  in terms of )(ωVS , and 
integrating Eq. (A.5.2), 0δω , limited by the readout process, is 
max
2/1
0
0
)2(
xR
fS
Q T
V ∆≈ πωδω  .     (A.5.3) 
We have made a simplifying assumption that )(ωVS  is independent of ω, i.e. white, in 
the measurement band.  Eq. (A.5.3) depends inversely upon the ratio of the transducer’s 
maximum response to its noise floor (at the output), 2/1max )2/( fSxR VT ∆π .  Since it is the 
square of this ratio that defines the (power) dynamic range (DR) of the coupled 
mechanical resonator/transducer system, we can write )20/(0 10)/( 0
DRQ −≈ ωδω , yielding 
the simple and compelling expression 
)20/(10)/(2 DReff QMM
−≈δ  .     (A.5.4)  
Eq. (A.5.4) allows estimation of the mass sensitivity attainable with our 32.8 MHz 
device with the following (separately-measured) experimental parameters: Q ≈ 3000, 
DR≈ 60 dB for a ∆f ≈ 3 kHz bandwidth, and totM ≈ 9.9 ×10-12 g.  This leads to the 
approximate result that δM~10-18 g, quite close to what we experimentally attain.  Table 
A.5.1 summarizes mass responsivity measurements obtained from experiments 
employing other NEMS devices.  The small inconsistencies between the predicted and 
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experimentally-measured inverse responsivities reflect the extreme mass sensitivity of 
NEMS.  The presence of surface adsorbates at sub-monolayer coverage is enough to 
change perceptibly the experimental device parameters. 
Projections based on Eq. (A.5.4), and its confirmation as provided in our 
experiments, make clear that NEMS mass sensing can provide significant advances in 
chemical and biological sensing and mass spectrometry.  With the attainment of NEMS 
operating at microwave frequencies19 prospects for detection of individual, electrically-
neutral macromolecules with single-Dalton sensitivity become feasible.  This is a regime 
where the distinction between conventional resonant inertial mass sensing and mass 
spectrometry becomes blurred.   
In summary, we have demonstrated the unprecedented mass sensitivity of NEMS 
at the attogram scale in this work.  The mass sensitivity of these first generation NEMS 
are dominated by the noise in the transducer circuitry, but the approach clearly offers 
near-term prospects for mass sensing of individual molecules.   
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Figure A.5.1 System for nanomechanical mass sensing. a, Variable temperature, UHV
microwave cryostat for mass sensitivity measurements.  The sample chamber (SC) is
inserted into the bore of a 6T superconducting solenoid (So) in liquid helium.  The
radiation baffles (RB) establish a line of sight along the z-axis from a room temperature
thermal-evaporation source (TS) to the bottom of the cryostat.  The NEMS resonators
are carefully placed in this line-of-sight, some rNEMS=182.2 cm away from the thermal-
evaporation source.  A calibrated quartz crystal monitor (QCM) at a distance of
rQCM=13.3 cm and a room temperature shutter (Sh) are employed to determine and
modulate the atom flux, respectively.  b, Scanning electron micrographs of
nanomechanical doubly clamped beam sensor elements.  The beams are made out of SiC
with top surface metallization layers of 80 nm of Al.  The beams are configured in a
radio frequency (RF) bridge with corresponding actuation (D1 and D2) and detection
(R) ports as shown.  The central suspended structure attached to 3 contact pads on each
side, labeled T, is for monitoring the local temperature. c, Conceptual diagram of the
phase-locked loop (PLL) NEMS readout.  The principal components are: voltage
controlled radio frequency (RF) oscillator (VCO); 4-port power splitter (PS) (with three
0° and one 180° output ports); NEMS mass sensor with RF bridge readout; mixer (M);
phase shifter (Ø); variable gain amplifier (A); low pass filter (LPF); frequency counter
(C).  
a c
b
O 
TS 
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Figure A.5.2 Frequency shifts, πω 2/∆ , (bottom) induced by sequential 40 attogram
(ag) (1 ag=10-18 g) gold atom adsorption upon a 14.2 µm ×  670 nm ×  259 nm  silicon
carbide doubly-clamped beam resonator.  The (initial) fundamental frequency is
≈πω 2/0 32.8 MHz.  The accreted mass of gold atoms, ∆m, in the upper plot is
measured by a separate quartz crystal detector.   The rms frequency fluctuations of the
system (i.e. the noise level in the lower trace) correspond to a mass sensitivity of 2.5
ag for the 2 ms averaging time employed. 
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Figure A.5.3  The four-terminal resistance fluctuations, δR/R, of the metal electrode on
a suspended SiC beam.  R ≈ 62.5 Ω at T ≈ 17 K.  δR/R is converted to local temperature
fluctuations using measured values of temperature dependence of the electrode
resistance (left inset).  The local temperature fluctuations are then converted to
thermally-induced frequency fluctuations using the temperature dependence of the
resonator frequency (right inset).  Here, πω 2/0  ≈ 32.8 MHz at T ≈ 17 K. 
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ω0/2π 
(MHz) 
 
L × w × t 
 (µm) 
Mtot  
(g) 
   [ ]
calc
)2/( πℜ  
(Hz/ag) 
     [ ]
expt
)2/( πℜ  
 (Hz/ag) 
 
11.4 
 
26.2×0.8×0.26 36×10-12 0.22 0.50 
 
32.8 
 
14×0.67×0.26 9.9×10-12 2.2 2.6 
 
56 
 
12×0.65×0.26 7.1×10-12 5.2 5.1 
 
72 
 
100×65×0.26 6.0×10-12 8.2 12 
 
 
 
 
Table A.5.1.  Calculated and experimental values of the mass responsivity in 
doubly clamped beam resonators. 
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Caltech Press Release: 
Nanodevice Breaks 1-GHz Barrier 
 
Contact: Robert Tindol, Caltech Media Relations, (626) 395-3631  
 
 
 
Wednesday, January 29, 2003 
PASADENA, Calif.- Nanoscientists have achieved a milestone in their 
burgeoning field by creating a device that vibrates a billion times per 
second, or at one gigahertz (1 GHz). The accomplishment further 
increases the likelihood that tiny mechanical devices working at the 
quantum level can someday supplement electronic devices for new 
products.  
Reporting in the January 30 issue of the journal Nature, California 
Institute of Technology professor of physics, applied physics, and 
bioengineering Michael Roukes and his colleagues from Caltech and 
Case Western Reserve University demonstrate that the tiny 
mechanism operates at microwave frequencies. The device is a 
prototype and not yet developed to the point that it is ready to be 
integrated into a commercial application; nevertheless, it 
demonstrates the progress being made in the quest to turn 
nanotechnology into a reality-that is, to make useful devices whose 
dimensions are less than a millionth of a meter.  
This latest effort in the field of NEMS, which is an acronym for 
"nanoelectromechanical systems," is part of a larger, emerging effort 
to produce mechanical devices for sensitive force detection and high-
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frequency signal processing. According to Roukes, the technology 
could also have implications for new and improved biological imaging 
and, ultimately, for observing individual molecules through an 
improved approach to magnetic resonance spectroscopy, as well as for 
a new form of mass spectrometry that may permit single molecules to 
be "fingerprinted" by their mass.  
"When we think of microelectronics today, we think about moving 
charges around on chips," says Roukes. "We can do this at high rates 
of speed, but in this electronic age our mind-set has been somewhat 
tyrannized in that we typically think of electronic devices as involving 
only the movement of charge.  
"But since 1992, we've been trying to push mechanical devices to 
ever-smaller dimensions, because as you make things smaller, there's 
less inertia in getting them to move. So the time scales for inducing 
mechanical response go way down."  
Though a good home computer these days can have a speed of one 
gigahertz or more, the quest to construct a mechanical device that can 
operate at such speeds has required multiple breakthroughs in 
manufacturing technology. In the case of the Roukes group's new 
demonstration, the use of silicon carbide epilayers to control layer 
thickness to atomic dimensions and a balanced high-frequency 
technique for sensing motion that effectively transfers signals to 
macroscale circuitry have been crucial to success. Both advances were 
pioneered in the Roukes lab.  
Grown on silicon wafers, the films used in the work are prepared in 
such a way that the end-products are two nearly identical beams 1.1 
microns long, 120 nanometers wide and 75 nanometers thick. When 
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driven by a microwave-frequency electric current while exposed to a 
strong magnetic field, the beams mechanically vibrate at slightly more 
than one gigahertz.  
Future work will include improving the nanodevices to better link their 
mechanical function to real-world applications, Roukes says. The issue 
of communicating information, or measurements, from the nanoworld 
to the everyday world we live in is by no means a trivial matter. As 
devices become smaller, it becomes increasingly difficult to recognize 
the very small displacements that occur at much shorter time-scales.  
Progress with the nanoelectromechanical system working at 
microwave frequencies offer the potential for improving magnetic 
resonance imaging to the extent that individual macromolecules could 
be imaged. This would be especially important in furthering the 
understanding of the relationship between, for example, the structure 
and function of proteins. Also, the devices could be used in a novel 
form of mass spectrometry, and for sensing individual biomolecules in 
fluids, and perhaps for realizing solid-state manifestations of the 
quantum bit that could be exploited for future devices such as 
quantum computers.  
The coauthors of the paper are Xue-Ming (Henry) Huang, a graduate 
student in physics at Caltech; and Chris Zorman and Mehran 
Mehrengany, both engineering professors at Case Western Reserve 
University. 
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High Frequency Dipper 
 
UT-85 stainless steel coax cable runs from room temperature stage to the cryogenic 
stage, to provide electrical connections for device testing. A commercial MITEQ AFS 
series cryogenic amplifier is mounted inside the dipper. The amplifier has a bandwidth 
of 0.1~2 GHz, and is thermally clamped to 4.2 K.   
 
Sample is mounted on a homemade sample holder with three SMA microstrip 
launchers. Microstrip lines on microwave circuit board connects the launcher and the 
sample. On the sample side, a small section (~ 1 mm long) of wire-bonding wire 
connects the finger pads on samples to the microstrip lines. 
 
The dipper is equipped with sample stage heater and thermometer, and is capable of 
heating up the sample stage to room temperature when the dipper can is immersed in 
liquid-helium bath. 
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Cryostat with Superconducting Magnet Inside. 
The magnet can provide B field up to 9T. 
Test Equipments 
Showing a microwave spectrum analyzer (HP8563B)  
and a microwave network analyzer (HP8720C). 
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Scanning Electron  
Microscope (SEM) 
JEOL 6400 SEM. 
Electron Cyclotron 
Resonance (ECR) 
Etching Machine. 
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